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COMPUTER PROGRAM FOR PRELIMINARY DESIGN AND
ANALYSIS OF V/STOL TIP-TURBINE FANS
by Henry C. Haller, Seymour Lieblein, and Bruce M. Auer

Lewis Research Center

SUMMARY

An analysis of a tip-turbine driven lift fan was developed for use in preliminary de-
sign or parametric investigation of tip-turbine lift fan systems applicable to V/STOL
aircraft. An electronic digital computer program was developed to determine flow con-
ditions and flow areas for a specific total thrust requirement over a range of fan stage
and of turbine input variables.

The program developed has provisions for treating single-stage fan rotors with
either one- or two-stage tip turbines mounted on the fan periphery. Both turbine types
have uncooled impulse rotors with the single-stage designs employing impulse, diffusing,
or no exit stators. The program also treats tip-turbine velocity diagram determination,
blade row loss analysis, partial admission (for the single-stage turbine), and considera-
tion of turbine-to-fan leakage. The fan-stage inpuis required are pressure ratio, effi-
ciency, and inlet axial Mach number.

Because of the detailed nature of the turbine loss analysis and provision for several
stage types, the program is capable of handling turbine flows over a wide range of pres-
sure and temperature levels. This allowed for solutions for a number of generator
types or supply sources for the turbine flow.

Sample calculations were made for a high-pressure turbine supply case to exhibit
the potential of the program.

INTRODUCTION

The potential of the tip-turbine lift-fan concept for V/STOL applications has been
investigated in numerous research efforts (refs. 1 to 7) and demonstrated by the XV-5A
fan-in~wing research aircraft (refs. 8 and 9). In the tip-turbine fan concept, turbine
blades are mounted around the periphery of the rotor of a single-stage ducted fan to



provide a compact drive arrangement. Lift fans employ relatively low fan-stage pres-
sure ratios in order to obtain low discharge noise and low specific fuel consumption.

Lift propulsion systems with tip-turbine lift fans can be used in the design of short-
haul V/STOL transports (e.g., refs. 10 and 11). An airplane of this type might employ
multiple fans in the wings or in pods near the fuselage or out along the wings. The
principal characteristic of the tip-turbine lift fan is its relatively short axial depth,
which could constitute a favorable advantage in V/STOL aircraft design.

Tip-turbine lift fans have been powered by the hot exhaust from a gas generator
(turbojet engine) as in the case of the XV-5A airplane. However, another drive possi-
bility is a compressed-air generator powerplant that would supply relatively cold high-
pressure air to the tip turbine. This concept could include burners ahead of the turbine.
The compressed air drive approach might be considered if it is desired to minimize the
size and weight of the fan turbine scroll or if large amounts of ducting are required be-
tween the fans and the powerplants (e.g., for engine-out safety).

The heart of the tip-turbine lift fan is a single-stage ducted-fan rotor with turbine
blades attached to the periphery. Other major components include the fan and turbine
exit stators, the support frames, the inlet bellmouth, a scroll, which distributes the
supply flow to the tip turbine nozzles, the exit louvers, which provide a means for vary-
ing the fan exhaust flow direction, and a burner, if specified.

This analysis is a cycle study that allows a determination of the gross characteris-
tics of tip-turbine lift fans for use in preliminary design or for parametric analytical
studies of lift-fan systems. In the analysis developed herein, overall fan-stage per-
formance parameters and turbine supply flow state are program inputs. Fan component
size and required turbine flow rate for a prescribed total fan thrust are the major out-
puts. The tip turbine is treated in detail with an analysis that includes velocity diagram
determination, blade row loss analysis, turbine-to-fan leakage, and scroll duct pres-
sure losses. Four types of tip-turbine stage arrangements are investigated: a conven-
tional single-stage turbine with impulse exit stators, a single-stage turbine with diffus-
ing exit stators, a single-stage turbine without exit stators, and a two-stage turbine with
impulse exit stators. In all four types of turbines, the rotors are designed for impulse
operation.

This report presents a description of the system analysis and a working computer
program that includes input and output listings. A sample calculation is also included to
point out program operating characteristics, and a comparison of the four turbine stage
types is presented to illustrate the program output variations.



ANALYSIS
Lift- Fan Model

A schematic drawing of the basic elements of the lifi-fan system showing the fan
stages and the turbine-flow-path station designations is shown in figure 1. The config-
uration illustrated is an outlet-stator fan stage with a single-stage turbine mounted on
the periphery of the fan rotor. An inlet duct and a burner (not always required) are also
shown in the figure. Compressed air or hot gas at total conditions p'1 and T'1 enters
the duct and passes directly, or through a burner, to the entrance of the turbine scroll,
which distributes the flow around the periphery to the turbine inlet stator. The flow is
accelerated in the inlet stator and directed against the turbine rotor blades. Work is
extracted from the rotor to drive the fan. The flow is then discharged either directly or
through the exit stators, with the axial component of outlet velocity contributing to the
overall thrust of the tip-turbine fan system.

Ambient air at p'10 and T'10 enters the fan rotor with velocity V11. The rotor
produces an increase in static and total pressure from inlet to exit to accelerate the fan
air flow to velocity V1 5 thus providing the majority of the system thrust. Louvers are
considered at the discharge of the fan for thrust vectoring.

A schematic cross sectional drawing of a tip-turbine lift-fan configuration as con-
sidered in reference 6 is shown in figure 2. This figure also shows a planform view of
the fan system. Symbols designating all quantities used in the description of the tip-
turbine fan are given in appendix A.

Approach

The primary objective of the computer program development described herein was
to afford a means of obtaining preliminary design characteristics of tip-turbine lift fans
that could serve as thrusters for V/STOL applications. The program is capable of de-
signing a tip-turbine fan to provide a prescribed total thrust level, fan plus turbine, with
specified fan-stage inputs such as overall efficiency and pressure ratio, inlet axial Mach
number, rotor tip speed, and rotor inlet hub-tip ratio. It was presumed that these inputs
would be obtained from detailed fan-stage aerodynamic design procedures.

Basic turbine inputs include the supply gas total temperature and total pressure,
turbine stage arrangement, and specification of burning. Several types of turbine stage
design were included to allow for good performance with respect to such factors as pres-
sure level of turbine supply flow, low discharge noise, high stage efficiency, and reduced
turbine-to-fan leakage. Turbine stage efficiency was determined in the calculation from



the resultant blade row velocity diagrams (mean radius values) in conjunction with pre-
scribed blade row loss variations for stators (nozzle), rotors (buckets), and exit sta-
tors. Loss relations for the flow in the scroll and for gas leakage from the turbine to
the outer flow of the fan upstream of the fan rotor were also included (see fig. 3). Fur-
ther provision for the effects of losses was made by the inclusion of loss inputs for the
turbine supply flow duct, the fan inlet, the fan and turbine outlet ducts, and the exit
louvers. Burner temperature and pressure drop were inputs.

The principal outputs of the calculation program were the gas flow rate into the
turbine required to produce the desired total thrust, the hub and tip diameters at the
various fan and turbine stations, the diameter of the scroll inlet, and the maximum

overall diameter of the unit.

Turbine Stage Design

Four turbine stage designs based on impulse rotor operation were included in the
analysis. Impulse rotor design (constant static pressure across rotor) was specified
in all cases for simplicity and for minimum inlet stator exit static pressure. Low inlet
stator discharge pressure is desired in order to minimize gas leakage from the turbine
flow path to the fan flow path in the axial clearance in front of and behind the fan-turbine
rotor.

The four-turbine-stage designs included are (1) a single-stage turbine with impulse
exit stators, (2) a single-stage turbine with diffusing exit stators, (3) a single-stage
turbine without exit stators, and (4) a two-stage turbine with impulse exit stators. A
schematic diagram of the one- and two-stage tip turbine concepts is shown in figure 3.
The figure also shows the potential leakage flow paths.

A diffusing exit stator was considered for the single-stage turbine to provide for
reduced discharge velocity and noise. The diffusing exit stator also results in reduced
inlet stator exit pressure with corresponding increase in turbine specific work output
and with reduced turbine-to-fan leakage. However, these gains are obtained at the ex-
pense of reduced turbine discharge thrust and turbine efficiency. The stage with no exit
stator was included to determine configurations with the minimum number of blade rows
and minimum blade-row losses. Here, too, the objective is achieved at the expense of
turbine discharge thrust. The two-stage configuration was introduced to maintain high
overall efficiency levels and low discharge velocity (low noise) for cases with supply gas
at high pressures.

Partial admission was provided in the development for the single-stage cases as a
means for increasing turbine rotor blade height, if desired, or for simulating effects of
localized flow reduction for purposes of thrust control.



Development of Equations

The development of the equations describing the design of the tip-turbine lift-fan
system is presented in detail in appendixes B to G. The main program, which gives the
overall fan design and calls the various specific turbine subroutines, is presented in
appendix B.

The main program calculation procedure yields an overall fan design, that is, fan
component diameters and station thermodynamics. All analyses, resulting design
equations, and program logic are given in detail in appendix B. The main program also
outputs fan performance parameters such as thrust specific fuel consumption of the bur-
ner (if used), bypass ratio (ratio of fan flow to turbine flow), and fan thrust augmenta-
tion ratio (ratio of total thrust to the thrust that would be obtained from isentropic ex-
pansion to ambient of the supply gas flow at p'1 and T'l).

Appendix C gives the procedures for determining turbine losses. The losses are
considered to comprise profile losses, secondary flow losses, and shock losses. Ap-
pendix C details the approach to the determination of these losses by use of correlations
obtained from the available literature as reported by numerous investigators (refs. 12
to 14).

The single-stage turbine design subroutines are given in appendix D. This appendix
includes the detailed analysis of the three single-stage turbine types: impulse exit sta-
tors, diffusing exit stators, and no exit stators. The loss analysis for diffusing exit sta-
tors is also given in appendix D.

The two-stage turbine analysis is presented in appendix E, and the leakage analysis
required by all four turbine arrangements is given by appendix F. The various fluid
property and computational subroutines are listed in detail in appendix G. A complete
program listing is included and given in appendix H.

COMPUTATIONAL PROCEDURE

Calculations were performed using an iterative procedure programmed into an elec-
tronie digital computer. The calculations were based on the relations and procedures
described in the appendixes of this report. The calculation program comprises iteration.
loops within iteration loops as shown on the iteration flow chart (fig. 4) for the main
computational routine.

The program as written follows the following basic steps for obtaining the desired
thrust for a tip-turbine lift fan:

(1) Read in turbine flow properties, trial efficiency, initial value of flow rate, and
exit stator exit Mach number.



(2) Read in fan-stage pressure ratio and efficiency, inlet axial Mach number, and
rotor tip speed.

(3) Calculate the shaft power and amount of turbine thrust.

(4) Calculate fan thrust, fan size, and turbine blade height. (Note that the total
thrust (fan plus turbine) does not equal the desired thrust at this point.)

(5) Calculate turbine losses, leakage, and revised efficiency.

(6) Recalculate fan geometry and total thrust (note that total thrust does not equal
desired thrust).

(7) Repeat steps (1) to (6) using a second input value of turbine flow rate.

(8) Use a linear interpolation of turbine weight flow and total thrust to obtain the re-
quired turbine flow rate for the specified thrust.

(9) Repeat steps (1) to (6) to obtain the correct total thrust, final fan turbine geom-
etry, and cycle thermodynamics.

The calculated thrust and desired thrust have been shown to agree within 1/2 percent
based on this calculation procedure.

The entire procedure is repeated for a range of input values of the turbine stator
exit axial Mach number MS' The program then has the option to print the results ob-
tained for each input value of MS or enter an optimization routine.

The optimization routine first plots turbine output values of inlet stator exit angle

o, turbine tip diameter dT tr rotor inlet relative Mach number M 5 turbine rotor
blade height H , turbine welght flow required Wy, and turbine louver exit axial velocity
Vi, all against ex1t stator exit Mach number MS Over the range of MS used, the
program then obtains a value of MS that yields minimum turbine flow rate Wy Before
this value is accepted, a check is made on o to determine whether the angle is less
than the limiting value (taken as o =75° or 1.31 rad). Angles larger than 75° result
in excessive inlet stator losses. The other outputs are visually inspected to insure that
the turbine rotor blade height HT exceeds a minimum acceptable value.

A sample computer output plot of the variation of these parameters for the single-
stage turbine without exit stators is given in figure 5. The parameters are normalized
to the values obtained for MS = 0.70 of table I. Similar curves can be obtained for the
other three turbine arrangements investigated.

The major inputs required for the main computational routine are listed in appen-
dix B. Additional inputs required by the turbine subroutines are given in appendixes
D and E. A complete listing of all program inputs is given in table I, which is a sample
program input-output listing. The definition of the variables in table I are given in the
nomenclature definitions of appendix 1.



SAMPLE CALCULATIONS

Sample calculations were run for the tip-turbine lift fan with the four turbine stage
configurations over a range of turbine stator exit Mach number MS' A total thrust
(turbine plus fan) of 10 000 pounds was chosen for the representative cases. The tur-
bines were specified as full admission and were to be within the limits of practical de-
sign, that is, reasonable velocity diagrams, turbine rotor blade height, stator diffusion,
and so forth. An available turbine supply flow pressure ratio p‘1 /p0 of 8.0 was speci-
fied along with a supply total temperature T} of 1080° R. Burning was also specified
to bring the turbine scroll inlet temperature Tés c UpP to 1900° R. A list of the re-
maining major input variables common to all four turbine types are

Inlet supply duct pressure loss ratio, p'2/ o 0.95
Burner efficiency, 7, . . . ... o oo Lo 0.98
Burner total pressure loss fraction, Ap' /p'2 ..................... 0. 06
Fan-stage pressure ratio, p'13/p'11 .......................... 1.20
Fan inlet axial Mach number, Mg : o oo e e e 0.55
Fan rotor hub-tip ratio, YF ............................. 0. 35
Air flow supply duct inlet Mach number, M1 ..................... 0.20
Fan rotor tip speed, UF, b L 4= -Y o 700
Fan-stage efficiency, L/ T A A AR 0. 86
Scroll Mach number, M3sc .............................. 0. 30

The remaining inputs for the four turbine types are given along with a sample of the cor-
responding output listings in table I which is for the specific case listed previously.

The sample sets of data for the specific cases investigated were used to exhibit the
comparative variations in geometry and performance for the four turbine stage configu-
raticns. Figure 6 shows a plot of the variation in required turbine flow rate with stator
exit axial Mach number. It is seen from the figure that turbine flow rate does not vary
greatly with stator exit axial Mach number. The figure also indicates the practical de-
sign limitation imposed on inlet stator exit angle. For the inlet conditions investigated,
the two-stage turbine yielded the lowest flow rate because of the inherently higher tur-
bine total efficiency for these inlet conditions. The single-stage turbine with an impulse
stator is shown as a single point because realistic turbine velocity diagrams (o 5 < 75°)
are not obtainable for stator exit Mach numbers less than 0. 80.

Another important aspect of turbine design is shown in figure 7 which is a plot of
turbine exit flow velocity against stator exit axial Mach number. Because of noise con-
siderations, it is desirable to reduce the turbine exit flow velocity to meet the require-
ment for low discharge noise. Thus, designing a turbine to the maximum nozzle exit
angle of around 75° yields minimum exit flow velocity in all cases. The two-stage tur-
bine has the lowest velocity (fig. 7).



The velocities for the two-stage and the single~stage with impulse or diffusing exit
stators all fall on essentially a single line because of the specification of axial dis-
charge. The slight variation is due to varying efficiency and thus exit temperature.
The exit velocity for the single-stage turbine without an exit stator is higher than the
other three turbine designs because of the residual tangential velocity. Also, the higher
axial velocity across the rotor is inherent with this configuration.

The single-stage turbine without exit stators and the single-stage turbine with im-
pulse exit stators would probably be unacceptable designs for the supply gas pressure
level because of the high discharge velocities.

The calculated variation of turbine-tip diameter with exit stator exit Mach number
MS for the four turbine arrangements is shown in figure 8. The limit for o = 759 is

shown for each case.

CONCLUDING REMARKS

The program described herein is capable of handling turbine flows over a wide
range of pressure and temperature levels because of the detailed nature of the turbine
loss analysis and provision for several stage types. This capability allows for a wide
range of generator types or sources for the turbine flow. The potential of the program
was exhibited by a sample calculation for a high-pressure turbine supply case. Calcu-
lations performed with the program compared favorably with the tip-turbine fan designs
for use with an exhaust gas generator system presented in reference 6. Thrust, geom-
etry and turbine performance agreed very closely with the values of the reference cases
when specified for equal turbine flow rate.

It is hoped that this working program will serve as a useful tool in tip-turbine fan
preliminary design and for the comparison of various lift-fan propulsion systems for
V/STOL aircraft applications.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, September 24, 1970,
721-03.
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APPENDIX A

SYMBOLS
.2
flow area, in. g
aspect ratio, H/c
thrust augmentation ratio H
arc length of turbine admis- HV
sion, in.
HO
exponent in seal leakage
(eq. (F5))
labyrinth tooth width b
bypass ratio Ah
turbine rotor axial velocity
multiplier IPR
constant
J
flow coefficient
seal clearance, in. K
specific heat at constant I,
pressure, Btu/(lbm)(CR)
M
thrust coefficient
n
blade chord, in.
diffusion factor p
diameter, in, Ap
energy loss, Btu/lb o
expansion function
flow factor, (w/A) (VRT' p')
thrust, Ibf
fuel-to-air ratio Re
fuel-to-air ratio function, T
SFC

|}’b(f/ a)/1 + (t/ a):'

gravitational constant,
32. 174 ft /sec?

height, in.

lower heating value of fuel,
Btu/lbm

inlet enthalpy of the liquid fuel,
Btu/Ibm

enthalpy, Btu/lbm

specific work or enthalpy
change, Btu/lbm

ideal incompressible pressure
recovery (eq. (B26))

mechanical equivalent of heat,
778 ft-1b/Btu

loss coefficient
length, in.
Mach number

number of (blades, burners,
ete.)

power, Btu/sec
pressure drop, psi
pressure, psia

velocity head, p'-p, psia

gas constant, 1545/molecular
weight, ft-1bf/(1bm)(°R)

Reynolds number
radius, in.

specific fuel consumption,

1bm/ (hr)(1b£)
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< 4

X % g <

N

10

seal pressure ratio
blade spacing, in.
temperature drop, °r
temperature, °R

two-stage turbine mean line
change factor

blade velocity, ft/sec
ideal jet velocity,

‘/ZgJ AhT’ g ft/sec
absolute gas velocity, ft/sec
relative gas velocity, ft/sec
mass flow, lbm/sec

two-stage turbine work split
factor

hub-to-tip diameter ratio

ratio of leakage flow to main
flow

absolute gas flow angle mea-
sured from axial direction,
deg

relative gas flow angle mea-
sured from axial direction,
deg

ratio of specific heats

ratio of inlet total pressure to
sea level standard pressure,
p'/14.7

efficiency
turbine admission arc, deg

turbine speed-work parameter,
UT/AVu
gas viscosity, lbm/(ft)(sec)

v blade-jet speed ratio, UT/Vj
¢ energy loss coefficient, energy
loss to ideal energy ratio
o density, Tom/ft>
blade row solidity, c/s
@ entropy function
1V interpolation function
w fan or louver loss coefficient
Subscripts:
A scroll arms
a air
B turbine rotor blade row
b burner
c fan shroud
ch check
cl clearance
D exit duct
d inlet duct
eq equivalent or corrected
ex exhaust
F fan
fuel
gg air or gas generator
h hub
id ideal or isentropic
L louver
leak seal leakage
M mixture
m mean
max maximum



pa

sc
se
sh

st

2b

turbine stator blade row
profile

partial admission

relative

exit stator exit

sonic

scroll

secondary

shock

stoichiometric

turbine

tip

circumferential component
axial component

ambient air ~

air or gas generator supply
inlet duct exit

burner inlet

3sc scroll inlet o |
4 turbine inlet '
5 first turbine stator exit

5! first turbine rotor inlet

6 first turbine rotor exit

7 second turbine stator exit

8 second turbine rotor exit

10 fan inlet

11 fan rotor inlet T
12 fan rotor exit

13 fan stator exit

14 fan louver inlet

15 fan louver exit X
Superscripts:
' stagnation condition
* reference
- overall

burner exit i

11




APPENDIX B

FAN-TURBINE MAIN PROGRAM

The main program produces an overall fan design, that is, fan overall dimensions,
total thrust, and thermodynamics. The fan-turbine design chosen for this analysis is
shown in figure 1. This figure gives the station designations for both the tip turbine and
the fan. For the two-stage tip turbine, figure 1 is modified by including station 7 for the
interstage stator exit and station 8 for the second-stage rotor exit (fig. 9).

The Fan-Turbine Design is initiated by assuming the following major inputs:

(1) Inlet duct mass flow rate wy

(2) Inlet duct inlet total pressure pj

(3) Inlet duct inlet total temperature T]

(4) Turbine stage total-to-total efficiency N

(5) Fan-stage pressure ratio 9] 3/p'11

(6) Fan inlet axial Mach number M,y

(7) Fan tip speed UF, ¢

(8) Fan-stage adiabatic efficiency Mg

The program nomenclature required for the main program and the turbine sub-
routines are included in appendix IL. -

This appendix details all the equations used to define the thermodynamics of the fan
and turbine streams along with the descriptive equations for the tip turbine fan radial di-
mensions. The calculational procedure is initiated by first analyzing the turbine stream.
Then, on obtaining the shaft power output, the fan stream calculations are made.

Turbine Calculations

The inlet duct, as shown in figure 1 accepts flow from a gas or air generator source
and directs it to the turbine at which point power is extracted. The turbine exit flow is
then passed through an exit stator and louvers and ejected to supply a portion of the tip-
turbine fan thrust. The turbine flow path is thus composed of a supply duct, burner,
scroll, turbine, exit stator, and louvers.

Inlet duct. - The inlet duct accepts flow from a gas or air source at an inlet total
pressure and temperature, pi and T}, respectively. A trial value of flow rate Wy is
required to initiate the calculations to obtain the flow area AZ‘

The total pressure at the exit of the supply duct is obtained from

12



1)
phH = piy|— (B1)
151

where p'z/p'1 is a duct loss factor and an input. With provision for heat loss in the L{
supply duct, where ATE1 is a program input,

Ty =T] - (AT('i) (B2)
With no bleed flow from the duct, L
Wy =Wy (B3)
The flow factor at the duct exit is
M, 4798 v
FF, = 212 - ( = ﬂ) (B4
0 (rgt1)/2(rg-1) \A p' /,
<1 + .Z__l M
2 2 g
where M, is a program input and Y9 is obtained from
c
'}/2 = P, 2 (BS)

Ry
C 2 -
P,<  n78.16

with the fluid property subroutines (appendix G) used to provide

Cp, o = function (T, £

’nb
aly

and

a

Rz = function <£

1

13




If high pressure air is supplied, f is set equal to zero. For both the air and hot-gas
a
1
cases the burner efficiency M, is equal to 0, since the gas generator burner is not con-
sidered in these calculations. The inlet duct exit area is then obtained from

Ay = wVT'R (B6)
p'FF 9
Burner. - The diffuser section is between the inlet duct exit and the burner. The
diffuser section flow is treated as an isentropic flow with the resulting equation for
burner inlet area dependent on the number of burners o, and the burner reference
Mach number M2b’ both of which are inputs. All losses in the diffuser section are
lumped in the input burner pressure loss fraction. From continuity,

(v9+1)/2(v9-1)

Yoo b 2
A, /M 1+ Moy,
_ 2 2 2
Ay, =-2 (B7)
%y \My, Yo~ 1 o
1+ MZ
2
and the diameter for a can type of burner is then
d = é A (B8)
2b ~ T 2b

The burner exit temperature (station 3) is set equal to the desired inlet stator inlet tem-

perature, thus

=Ty (B9)
The required burner fuel-to-air ratio is obtained from the expression

(hé - h'2> 1 +<§>l

fl _ |
p HV 7, - (b - H)

a

(B10)
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} where H° is the inlet enthalpy of the liquid fuel, and h'2 and hé are based on T2
and T, respectively. This equation is given in the fuel-to-air ratio subroutine

(appendix G).
The total mass flow of the gas mixture is then
(B11)

- i
w3_w2]+_
4

where the burner exit flow state is given by the following expressions:
(B12)

where, from the fluid property subroutines,
(B13)

= function Té, = 7

Cp, 3

and
(B14)

R3 = function f

In equations (B11), (B13), and (B14), the total fuel-to-air ratio is defined as
p— = p— + —_—
/g \qn \q/

The burner outlet total pressure is obtained from the expression
Ap' (B15)

py =py |1~
)

where burner inlet pressure 128 is obtained from equation (B1). The value of Ap'/p'2
is an input and is generally obtained from experimental results for specific applicable

burner designs and is expected to be functions of reference Mach number M2b and
15
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temperature ratio Té/T"z. The flow factor at the burner exit (constant area burner) is

w ‘/T' R
_3¥°33 (B16)

FF3 = ”\
P32p

The burner exit Mach number M3 is obtained from FFB and the function FMM sub-
routine, where Mgq and FFq are related by an expression of the form of equation (B4).

The burner exit also has a transition duct which accelerates the flow and connects
to the scroll inlet. The friction pressure loss in this duct is also included in the overall
burner pressure-drop fraction, Thus, for the calculation, pésc = pé. If a nonburning
case is to be analyzed, the burner pressure-drop fraction is set equal to zero, and tem-
perature T;l is set equal to T2' This in effect bypasses the burner entirely.

Scroll. - The flow, on leaving the burner, enters the turbine scroll. The scroll
could have from one to four duct inlets where the number of duct inlets equals the num-
ber of burners ny with one or two scroll arms per inlet n,, depending on the ducting
configuration used. Some typical scroll configurations are shown on figure 10. Thus,
the number of scroll arms L for a full admission turbine scroll is given by the ex-

pression

ng, = b(nA) (B17)

Then, with the number of seroll arms ng. and the prescribed scroll inlet Mach num-
ber M known, the inlet area of a scroll arm is calculated using continuity given as

3sc
: : t _ me _m
(the scroll is assumed to be isothermal, T, = Tg, . = Tj)
va-1 o (rg+1)/2(r5-1)
1 M, 1+ 2 Mase
Agse = A2b o M v - 1 (B18)
sc 3sc 14+ 3 M2
2
The inlet diameter of each scroll arm is then
4A
_ 3sc
d3sc - T (B19)

The loss in total pressure in the scroll is obtained as a function of the inlet dynamic
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head dggc- Thus, the total pressure p& at the scroll exit is

t -
Py = p3sc Kscq3sc (B20)

where the loss coefficient K sc is an input and is approximated by the momentum loss

associated with the number of turns the fluid is required to make. For a typical scroll
that has three fluid turns, a K c value of 0.6 was selected. The dynamic head is de-

fined in terms of Mach number as

r B
Qe = Phee |1 - 1 (B21)
3sc 3sc
vg/(r3-1)
vg3-1
i 1+ 5 M3sc

Turbine exit stator. - A knowledge of the thermodynamic state of the gas flow enter-
ing the turbine stators along with the fact that the turbine is not treated in detail in the
main program, requires only turbine exit state conditions to determine the ideal specific
Thus, it is necessary to supply the flow thermodynamics at

power output of the turbine.

the turbine exit stator exit.
The exit stator exit axial Mach number MS is a program input, and along with a

trial value of Yg = 1.35 (A better value will be obtained when the stator exit total tem-
perature is determined.) allows the calculation of the flow factor at the stator exit from

the expression

Mg y7g8
FFS = (B22)
0 (rgt1)/2(rg-1)
<1 + y-1 M )
2 S
or for Yg = 1.35
6. 591 MS (
FF = B23)
S 5\3. 3571
(1 + 0.175 MS>

Then it is desired to determine the total pressure at the stator exit p'S, which then sets
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the turbine pressure ratio and the total-to-total enthalpy drop across the turbine.
It is specified first that

Pp = Pp, = Py (B24)

Next, it is required to obtain the exit Mach number in the duct Mp. The duct is allowed
to vary in flow area to provide flow deceleration if desired. Thus, the duct acts as a
diffuser with the duct loss in total pressure given by the expression

i= - ﬁ <i> (B25)
Pg 95 /\P'/g

where the loss term Apb is defined as the loss in total pressure. Using the data of
reference 15 for an effective diffuser included angle of 10° (an angle that yields a
10-percent loss in static pressure recovery) the loss term is taken as

Ap;
—D . 0.101PR) (B26)
s

The ideal pressure recovery IPR is defined in terms of area ratio AD/AS as
2
PR=1-[-1 (B27)
Ap
Ag

The term qs/pé in equation (B25) is defined in terms of an input value of stator exit

axial Mach number as

q
S 1 (B28)

pé Vs/(')’s'l)
1+X= 1 M2
2 s

Substitution of equations (B26) to (B28) into (B25) yields the expression for duct total

pressure ratio

18



p'
D_g-01f1-—L |h- 1 (B29)

pg <AD)2 (1 LY 1 M2>7/(7"1)
e 2
i Ag a is

The duct annular area ratio AD/AS is defined for a 10° included angle and approxi-
mated by a two-dimensional diffuser due to the very high hub-to-tip ratio as

A
“D_y4o0. 1744<£> (B30)
Ag H/p

where the duct length to height ratio (L/H)D is an input. The height H is defined at the
stator exit. If no duct diffusion is specified, the value of (L/H)D is set equal to zero.

With pb/p'S from equation (B29) and AD/AS from equation (B30), the duct flow
factor is calculated from

FFg
FF=—2 (B31)

D
®b Ap
p5 Ag
Once the value of FFD is known, the duct exit Mach number MD is obtained using the

function FMM subroutine given in appendix G. After the Mach number at the duct exit
is determined, the total pressure is obtained from the expression (for Yg = 1.35):

3.86
2 ) (B32)

Pp = p0<1 +0.175 MD

Then, from equations (B29) and (B32), the total pressure at the stator exit is obtained as

pS = Ph[ = (B33)
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The values of turbine inlet and exit total pressures (p:1 and pé) obtained from equa-
tions (B20) and (B33), respectively, together with the total-to-total turbine efficiency Ny
(an input for the initial calculation and an output of the turbine subroutine on subsequent
cases) and the inlet total temperature Tj enable the determination of the actual total
enthalpy drop across the turbine Ah"I‘ and the stator exit total temperature Té. This
calculation is performed in the subroutine called ADIABT given in appendix G.

The gas constant at the stator exit Rg is obtained from the GASCON subroutine
(appendix G) and Ys at the stator exit is obtained from the GAMMA subroutine (appen-
dix G) based on the determined value of stator exit total temperature Tg- From the new
value of vgr @ value of FFS is recalculated in equation (B22). The flow factor at the
duct exit is then calculated from the total pressure and duct area ratio given previously
according to equation (B31). Then, a new value of duct exit Mach number MD is ob-
tained from the FMM subroutine. The total pressure at the duct exit is then recalculated

from the expression

(B34)

-1
1 M2>7D/(7D )

pb=p0<1+7;
D

where v =Yg The stator exit total pressure pg is recalculated in equation (B33)
using the new value of Ph and the previous value of pl’)/p'S from equation (B29).

With the new value of p'S and with p;l, Tlp and Neps the calculation proceeds to the
ADIABT subroutine to obtain new values of Ah and T¢. The entire procedure is re-
peated until the stator exit temperature exhibits no further change.

The static pressure at the stator exit is then recalculated as

PS

/(yq-1)
<1+7_1M2>7s Ys
2 S

(B35)

Pg =

where MS is the input value. It should be noted that Pg does not necessarily equal

Pp Or Py (it depends on AD/AS).
Turbine power output. - The turbine power output is obtained from

P =W, Ah(1 - Zg) (B36)

where w 4 is set equal to W and AhT is obtained from the ADIABT subroutine. In
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the first pass through the main program the turbine leakage flow fraction Z5 =0. On
subsequent passes, the value of Z5 that is generated in the applicable subroutine is
used.

Turbine thrust calculation. - Thrust is calculated at the louver exit. It is assumed
that the louver is in the flow passage of constant annular area. It is first required to
determine the drop in total pressure across the exit louvers. The expression used is

P} =P 1 - w1 - (B37)

where the total_pressure loss coefficient across the louvers EL is a program input.
This value of w1 is also assumed to be applicable to the exit louver of the fan. In
equation (B37) it is assumed that Yp =YL, = Ys This is valid because y is dependent
on the fuel-to-air ratio (which does not vary) and the total temperature (which is con-
stant). Then from the louver total- to static-pressure ratio p'L/ Py; the louver exit
Mach number is calculated from the expression

1/2
(YS' 1)/7’8

p'
M, =4 —2|(-L -1 (B38)

in which the positive root (absolute value) of equation (B38) is used. The exit velocity

is then
Vi, =My y7rg8RgTy, (B39)

where TL is obtained from

Ty = (B40)
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The turbine thrust is

F (B41)
T g
where CT is the thrust coefficient, a program input.
Turbine duct areas. - The annular area at the stator exit is
1
Ag =Wyl - Z) YT'R (B42)

P'FF S

Then when AD/AS from equation (B30) is known, the flow area at duct exit is obtained

from

A
A = Al D2 43
D S<A> (B43)

Fan Calculations

Once the turbine calculations are completed yielding the turbine station thermody-
namics, turbine thrust, and the turbine power output, the fan is then analyzed. As pre-
viously mentioned, only fan station thermodynamics will be considered because fan aero-
dynamic details are not handled in this program. The fan calculations required the pre-
scribed inputs of fan-stage pressure ratio p'1 3/p’ll, fan average inlet Mach number Mll’
fan tip speed UF, 2 and fan-stage adiabatic efficiency g The fan discharge flow is
considered axial in this analysis.

Fan flow rate. - The fan upstream total temperature and total pressure are set as

10 = To
(B44)
P10 = Po
The pressure drop in the inlet (effect of struts, bellmouth friction, etc.) is read in as a
total-pressure-loss coefficient
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/j D =__Ap" (B45)
/ 1055 .
f P11~ P11

The total-pressure ratio of the rotor inlet is then

P; —
g - 1 (B46)
p'10 9 3.5
1+0.2 M11
so that the total pressure at the fan inlet is
P11
Pi1 = (—,—>Pio (B47)
P10

With fan-stage pressure ratio an input, the total pressure at the fan-stage exit is
P13
P13 = <p—,‘>P'11 (B48)

The fan actual enthalpy rise is now obtained using the ADIABT subroutine and the inputs
Tjy» Pip» Py and ng to obtain

Ahg = hy, - by, (B49)

The fan exit total temperature T'13 is also an output of the subroutine. Neglecting
rotor bearing friction and windage losses, the fan power is determined directly from the
previous final value of turbine power as

Pp =P (B50)

The required fan air mass flow rate is then obtained from

P
Ah'F
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Fan state conditions. - Rotor average inlet static pressure (for y = 1.4) is

p
- 11 (B52)

The rotor inlet static temperature is

_ 11
<1 + 0.2 M11>

and the average axial inlet velocity is

vy = 49. 1y Ty, (M) (B54)

The total pressures at each station are obtained next. The duct total pressure loss
is an input to the program as the ratio p'1 4/p'1 3- Then, the duct exit total pressure is

VAW
Pla={ = P13 (B55)
P13

where p'13 is given in equation (B48). The pressure drop across the louvers is

P} —
R 1 (B56)
P4 9 \3:5

1+0.2 M7,

where the total pressure loss coefficient across the louvers BL is the same value used

for the turbine flow stream.
The Mach number at the duct exit M1 4 is obtained from the assumption that the

static pressure at stations 15 and 14 is equal to ambient pressure (p15 =Pyg = po).
Then, with the total- to static-pressure ratio at the duct exit 12 4/p1 4 M1 4 is obtained
from the expression.
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1/2

pv (7'1)/7
My, =| 2 <—1—4> -2 (B57)
y-1

in which y = 1.40. Now that p'1 5/p'1 4 is known, the total- {o static-pressure ratio at
the louver exit can be obtained as

pj P
it <_'1_5>pv1 . <_1_> (B58)
P15 \P14 P1a

Then, from equation (B57) the expression for louver exit Mach number (for y = 1.40) is

o \0- 286 1/2
M, = 5.0<_L5> - 5.0 (B59)

Py

The louver total temperature is obtained by assuming adiabatic flow through the duct and
louvers; that is,

Ti5=Ti4= T3 (B60)

where Tjg is obtained from the output of the ADIABT subroutine (eq. (B49)). The
static temperature at the louver exit is then

Tl
15 9
<1 +0.2 M1 5>
and the discharge velocity is
Vi5=49.1 M, Ty5 (B62)

For the fan stage, axial discharge is assumed, so that the louver exit velocity in equa-
tion (B62) is the axial discharge velocity.

The stator exit axial Mach number M13 is taken to be some function of the differ-
ence between M11 and M15 in the form
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Mg =My +KpMy5 - Myy)

where KF is an input. The stator exit static conditions are then

Pi3
P13 = 3.5
2 3
(1 +0.2 M13>
and

T'

_ 13

Ti3=

2
<1 + 0.2 M13>

The average exit axial velocity is

The static temperature at the duct exit is

Ti4
2
1+0.2 M14>

T14=<

And the duct exit axial velocity is calculated from the expression

Thrust. - The fan thrust is given by the expression (since Pi5 = po)

_¥11V15Cr

F
F g

(B63)

(B64)

(B65)

(B66)

(B67)

(B68)

(B69)

where the fan thrust coefficient CT is an input taken to be equal to the turbine thrust

coefficient.
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The tip-turbine fan total thrust is obtained as the sum of the fan and turbine thrusts
(eqs. (B41) and (B69)) as :
(B70)

F=FT+FF

This value of total thrust, which is the result of the initial choice of turbine mass flow
rate AT will generally not be equal to the value of thrust desired.

Fan and Turbine Geometry

After the calculation of the initial total thrust using the first value of turbine mass
flow rate, fan and turbine areas and geometry are calculated. For the fan stage, at the

rotor inlet (station 11), the flow area is

A= (ﬂ) (BT1)
PV /11
The stator exit area is (station 13)
w,.4RT
Agg= 1177713 (B72)
P13V13
and the duct exit area is (station 14)
w,.RT
A= 11714 (B73)
P14V14
and the louver exit (station 15)
w, RT
A15=__1_1 15 (B74)
P15V15

The fan rotor assembly is shown in figure 11. The fan rotor tip diameter is calculated

from the expression

27

=28



(B'75)

where the fan hub-tip ratio at the rotor inlet (Y F- (dh/dt) F) is a program input. The
fan hub diameter is then

d =d. ,Y (B76)
and the fan rotor blade height

1
Hp = S dp (1 - Yp) (B77)

Between the fan rotor blade and the turbine blades is a shroud which acts as the
carrier for the turbine blades. The carrier must be sized to provide an adequate struc-
ture to withstand inherent thermal stresses and allow for fabrication and possible cool-
ing requirements. In general, the ring length increases somewhat with increasing fan-
tip diameter. The value of ring height Ar c will be an input. Then the turbine hub
diameter is

dT, h= dF, . 2 Ar, (B78)

The turbine tip diameter for both full and partial admission is

1/2
o = la2 s <@> (B19)

+ —_—
T,t T,h T 9

where the turbine rotor annular area A5 is obtained by first setting A 5= AS. (On
subsequent iterations, using the value calculated in the turbine subroutines, A5 equals
the area at the turbine rotor inlet normal to the axial component of velocity.) The arc
of admission, #, in equation (B79) is in degrees and is an input.

The turbine hub-to-tip diameter ratio is then defined as

Y. = r,n (B80)

T
dr, ¢
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and the turbine rotor blade height is

2

Hp =';‘ (Ap ¢ - dp p) (B81)

At this point in the main program, the appropriate turbine subroutine (appendix D
or E) is called to obtain an accurate value of turbine efficiency. The subroutine is
called at this point because it requires the turbine tip diameter to obtain the turbine
mean line rotational speed UT; that is

Up ¢
Up = (g, p + Hp) -5t (B82)
F,t

The turbine subroutine goes into the detail of internal turbine analysis including blade
loss and leakage flow considerations. After obtaining the new value of efficiency, the
calculation returns to subroutine ADIABT to obtain a new value of Ah and total tem-

perature Té. The calculations then commence with equation (B36). This procedure is
repeated until

[("elnet = la) = 0-001

This is done for each input choice of exit stator exit Mach number MS and each value of
inlet duct mass flow Wy used.

Performance Parameters

Corrected fan mass flow is obtained as

. \1/2
()
- Ao18.7/ (B83)

The corrected total thrust is
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F._F_ (B84)
1
o Py
14.7
The burner fuel flow is
_f
Wf,b = —-) (wz) (B85)
alp
and the burner thrust specific fuel consumption is
w
SFC = (f—b> 3600 (B86)
F

where total thrust F is from equation (B70).
The fan bypass ratio is defined as the ratio of fan stage flow rate to turbine flow

rate or

w
BPR = —11 (B87)
Wq

The fan thrust augmentation ratio is defined as the ratio of lift fan thrust to ideal thrust
obtainable from the expansion of the supply gas to ambient pressure. This expression is

AUG = —F (B88)
Fid,gg
where
w,V.
_17id
Fid, ge = - (B89)

and the ideal expanded discharge velocity is

v - <2gJ Ahid>1/2 (B90)

id, gg
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i
I The ideal enthalpy drop Ah, is obtained using subroutine ADIABT with the inputs T}

' P} Py % » My and 77 where 7 is set equal to one.

1

Desired Total Thrust Determination

On completion of all program calculations for an initial choice of turbine mass flow
rate which yields a value of tip~-turbine fan total thrust, the program repeats the calcu-
lations using another choice of inlet duct mass flow wy. This procedure yields two
values of total thrust corresponding to the two choices of inlet duct mass flow. The pro-
gram then uses a linear interpolation to obtain the correct value of Wy corresponding to
the desired total thrust. The program is then rerun using the new value of Wy to obtain

the turbine and fan designs. This procedure has been shown to yield less than 1/2 per-
cent discrepancy in total thrust.
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APPENDIX C

TURBINE LOSS ANALYSIS

The determination of turbine stage efficiency and turbine state conditions (appen-
dixes D and E) in parametric studies that involve a relatively large variation in overall
pressure ratio, inlet temperature, stage velocity diagram parameters, and turbine
geometry requires a realistic estimation of the loss factors involved (rotors and sta-
tors). In addition, the magnitude of the overall efficiency of the turbine will help deter-
mine whether one or two stages is desirable for the application.

A typical set of velocity diagrams for a single-stage impulse turbine are given in
figure 12 (station designations correspond to those used in the program). Although the
flow entering the inlet stator from the scroll may not be axial and may vary in approach
direction around the periphery, for simplicity, the velocity at the inlet stator will be
assumed to be axial. The error in inlet-stator-loss coefficient that this assumption
causes is assumed to be negligible.

If a two-stage turbine is used, the interstage stator will generally have a greater
amount of turning than the inlet stator because the gas flow into the interstage stator is
not axial. The velocity diagram of the inlet and exit absolute gas velocities for an inter-
stage stator is given in figure 13. Thus, the turning angle of the interstage stator is
Ao = Qg - Qg.

The loss analysis is divided into three parts: (1) the stator, which has a sizable
static pressure drop (2) the impulse rotor blades, and (3) impulse exit stators. Diffus-
ing exit stators are discussed in appendix D.

Inlet and Interstage Stator Efficiency

The efficiency of the turbine inlet stator is defined as

Energy loss
N = 1 - ~DCrey J088 (C1)
Ideal energy
where the ideal energy is obtained from the enthalpy change AhN id in the isentropic
expansion from inlet total pressure to outlet static pressure. Thé ratio of energy loss
to ideal energy is referred to as the energy-lqss coefficient or

_ [ Energy loss (C2)
Ideal energy N
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The loss coefficient of a row of stator blades is recognized, in general, to be the sum-
mation of three principal loss components: (1) the profile loss (¢ p)N’ (2) secondary-
flow losses (‘Ese)N’ and (3) shock losses (£ sh)N' Thus, for a tip-turbine stator

EN= 3 p)N + ¢ se)N + (€ Sh)N (C3)

The profile loss (loss due to basic blade element) is depenent on a large number of fac-
tors, such as, blade shape, turning angle, blade maximum and trailing edge thicknesses,
solidity, incidence angle, and Reynolds number. For the subject stator, it will be as-
sumed that the following conditions are met in the stator design:

(1) Optimum solidity (e.g., Zweifel loading coefficient)

(2) Optimum incidence angle (~0°)

(3) Optimum blade profile shape
For these conditions, the profile loss will depend primarily on the air turning angle and
Reynolds number:

€y = {6, Re) (c4)

The variation of profile-loss coefficient with air turning angle has been determined
experimentally for typical stator blades, as shown in figure 14 (from refs. 12 and 13).
A wide spread of loss values is indicated. For the range of calculations to be covered
for varying pressure ratio across the turbine, the inlet stator outlet angle ag is not
expected to vary by more than around 15° (e.g., from around 60° to 7 50). Equation (C4)
then becomes

¢ p)N = ‘E;)N, 5[f(Re)] (C5)

In this case for simplicity, a single value of loss coefficient can be adopted to be repre-
sentative of the range of ag and thus eliminate the need for an iteration on « 5 The
reference value of (¢ I";)N’ 5 used in equation (C5) for the inlet stator is equal to 0. 030.

For the two-stage turbine, the interstage stator will have a greater turning angle
depending on the value of absolute rotor exit angle ag (fig. 13). The range of turning
angle for this case should also be relatively small (from around 759 to 850). Once again
a single representative (¢ I")‘)N’ 7 value of 0.040 was chosen for the range of turning angle
considered. Here again, the error associated with this assumption is assumed small.
Thus, in both the inlet and interstage stators ¢ p)N is only a function of Reynolds
number.

Inasmuch as the calculation will include variations in turbine size, provision should
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be included for reflecting an effect of Reynolds number on the profile loss. This will
be done in the form

-0.2
- Re
€ = @3’1“(5;) | (c8)

where the reference value of Reynolds number Re* used in the program is 1. 5><106.
For this analysis, if a relatively constant value of blade aspect ratio is considered as
turbine size is varied, then Reynolds number can be defined in terms of the blade pas-
sage height and expressed as in reference 14 as

Re=—>Y (C7)
“rT, m

where w is the turbine flow rate, rT, m is the mean radius, and p is viscosity. For
simplicity, the viscosity can be expressed as a function of the total temperature at the
stator inlet. Values of viscosity are obtained using the VISCON subroutine (appendix G).
Experimental data for stators indicates that the loss coefficient for a given blade
row stays essentially constant with outlet Mach number up to sonic velocity. However,
as shock formation increases with supersonic Mach numbers, the loss will increase.
Thus, a shock-loss coefficient can be established as a function of outlet Mach number,

such that for M5 > 1.0

Egp = T(Mg) (C8)

The shock-loss coefficient given by equation (C8) for values of Mach number greater
than 1.0 can be established from experimental data. Such data are currently unavailable.
Because of the difficulty in obtaining valid experimental data, a preliminary estimate
was established from a plot of stator efficiency against stator exit Mach number shown
in figure 15. The curve presented is based on limited analytical estimates available
from unpublished Lewis calculations for stator designs with high exit Mach numbers.

A representative shock-loss coefficient variation was obtained from this plot from
the relation £ =1 - such that

Ep= € N)supersonic - €N)sonic = "NWsonic - (nN)supersonic (C9)

The corresponding plot of ¢ sh is shown in figure 16 for which an analytical variation

was obtained as
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Egp = 0. 0075(M2 - M)y (C10)

where My is inlet stator outlet Mach number (M > 1).

The losses due to secondary flows and casing friction are fairly complex and diffi-
cult to express as a general functional relation. However, for simplicity and for the
purposes of this analysis, the secondary-loss coefficient was accounted for by taking it
to be proportional to the profile-loss coefficient. Thus,

(& se)N = (KSG)N(E p)N (C1 1)

But, since secondary losses are not sensitive to blade Reynolds number effects, equa-
tion (C11) becomes

sy = KeIn€Dn (C12)

Values of (KS e)N’ which is a function of turning, are indicated to vary from around 0. 5
to somewhat over 1.0 in the literature. The value selected for (Kse)N was 0. 75.
Then the total loss coefficient, from equations (C3), (C6), (C10), and (C12), becomes

-0.2
‘EN = (g S)N Kgﬁ:) + (KSG)N:] + (& Sh)N (C13)

Rotor Blade Efficiency

The rotor blade is designed for impulse flow and a shrouded tip. The efficiency of
the turbine blades, which are treated as a cascade, is defined in terms of a kinetic en~
ergy loss by the expression

g = 1- ‘EB (C14)
where the energy-loss coefficient £p for a row of rotor blades is defined as the ratio of
the loss in kinetic energy to the ideal outlet kinetic energy. As in the case of the stator,

the energy loss comprises the profile loss, secondary flow losses, and shock losses.
The loss coefficient is then

'EB = (gp)B + (‘Ese)B + Sh)B (C15)
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The variation of profile loss coefficient with air turning angle has been determined
experimentally for rotor blades, as shown in figure 17 (from refs. 12 and 13). A wide
range of values has been obtained. Only the data of Ainley are definitely known to be for
impulse blades. Thus, the selected representative relation for (¢ )B against AB will
be influenced primarily by these data. Figure 18 shows the selec&d curve used for
turning angles up to 140°. In equation form, for Re*,

B2 D
(E%)p = 0.025 + 0. 035<__> (C16)
100

where (¢ ;)B corresponds to Re* =1, 5><106 with Re defined as before in equation (C7).
The turning angle AB for simplicity and in order to avoid an iteration, is assumed to
be equal to twice the inlet angle; that is,

AB = 28, (C17)

inlet

The change in the value of profile-loss coefficient due to this assumption is expected to
be small compared with the spread in the data variation as indicated in figure 17.
The influence of Reynolds number will be taken to be the same as for the inlet stator

loss or

-0.2
_ (£* Re
€pp = (&))p <——Re*> (C18)

The losses due to secondary flows are treated in a manner similar to the inlet stator
procedure. The secondary-loss coefficient is taken to be proportional to the reference
profile-loss coefficient. Thus,

(‘E se)B = (Kse)B(g ;)B (C19)

Values of (Kse)B that are a function of turning, are indicated to vary from around 0. 30
to 0.50 (ref. 12). A (Kse)B value of 0. 40 was used in the program.

The shock-loss contribution can be established from an estimated variation of blade
efficiency with rotor relative inlet Mach number. Since no data were available for this
variation, an assumed shock-loss variation three times the magnitude of the stator shock
loss was adopted as shown in figure 19. The resulting expression takes the form

€sn'B = Kgn <Mf‘ - Mr>B (C20)
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where the constant Ksh is equal to 0. 0225, Thus, the total loss coefficient, from equa-
tions (C15) and (C18) to (C20), is

-0.2

Exit Stator Total-Pressure-Loss Coefficient

The loss coefficient for the impulse exit stator is obtained from the approach used
for the rotor blades. The protfile loss is composed of mostly surface friction and dif-
fusion. In terms of a kinetic energy loss, the profile-loss coefficient is

€ s = f(ac, Re) (c22)

The relation of (¢ I’;)S and Ac is taken to be the same as for the rotor blade (eq. (C16))

Aq\2- 5
(EX)g = 0.025 + 0.035 (== (C23)
p 100

Since the primary purpose of the exit stator is to straighten the flow to axial, the amount
of turning is just equal to the exit stator inlet angle Qg Or Og; that is,

Aa = |a6| (C24)

is used with equation (C23) for the exit stator. Since Mach numbers in the stator are al-
ways less than one, the shock loss term is not needed. Thus, with Reynolds number and
secondary losses,

-0.2
‘ES = (‘E i;)S I:(%) + (KSG)S:] (C25)

6
where (K )g = (K )p = 0.40 and Re* = 1.5x10°.

The exit stator total-kinetic-energy-loss coefficient & g is converted to an exit
stator total-pressure-loss coefficient KS for ease of calculation. Conversion of the
kinetic-energy-loss coefficient to a total-pressure-loss coefficient is developed in ref-
erence 12 (section 2.7). This expression in general form is given as
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2
Kg=¢ s<——————1 + yM >s (C26)

2

where MS is exit stator outlet Mach number and the total-pressure-loss coefficient KS
in the preceding expression is defined as Ap'/(p' - p)s. Then, the final expression for
total-pressure-loss coefficient is obtained from equations (C25) and (C26) as

Kg = &g <_R9_6>_0' ? + (K o)p <_1—+2L1‘£> " | (c2m)
1.5x10 S
Since
(p' - DPg = (0" - Pg or 8
then
Mg = Mg o 8

for an impulse stator. Thus, the total-pressure loss factor was applied to the stator in-
let, so that, for the exit stator,

Apg = K5(P' - Pg or 8 (C28)
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APPENDIX D

SINGLE-STAGE TURBINE SUBROUTINES

This subroutine calculates the value of turbine total-to-total efficiency that is re-
quired by the main program. The single-stage turbine analysis presented investigates
three types of turbines: (1) with impulse exit stators, (2) without exit stators, and
(3) with diffusing exit stators. These three types of turbines are described in sub-
routines, TURB-1, TURB-2, and TURB-4, respectively. The turbine design-point effi-
ciency includes the effects of blade-row losses, partial admission and its associated
losses, and turbine seal leakage which is included as a reduction in turbine mass flow.
It is assumed that the velocity diagrams are not affected by either partial admission or
leakage flow losses.

The turbine calculations are for the mean line since the turbine hub-to-tip radius
ratio is of the order 0. 90 or greater. The turbine mean line velocity diagrams are de-
termined by the choice of exit stator exit Mach number, wheel speed, inlet stator spout-
ing velocity, and the designation of turbine type. The turbine station designations used
in the analysis for the single-stage turbines are given in figure 1.

The inputs required from the main program for all three cases are

Turbinemean line radius . . . . . . . . . . . . . . . 0 i i e e e e e e e T'T m
Turbine mean line velocity . . . . . . . . . . . . ¢ i i i e e e e e e e e e e e e UT
Total temperature of the gas into the inletstator . . . . . . . .. .. .. ... .. .. 4
Total pressure of the gas intotheinletstator . . . . . .. .. .. ... ... ..... Py
Total mass flow of gas intothe inlet stator. . . . . . . . . . . . .. ... 0. . Wy
Exit stator exit axial Machnumber. . . . . . . . . . . . ¢ . i . i i i e e e e e MS
Exit stator exit static pressure. . . . . . . . . . L L L0 e 0 e e e e e e e e e e e . Pg
Fan tip diameter. . . . . . . . . . L L L e e e e e e e e e e e e e e e e e e dF, t
Fuel-to-air ratioattheburner exit. . . . . . . . . . ... . o L0000, 1
alq

In addition to these inputs, several geometry and loss-coefficient inputs are required for
the leakage and blade-row efficiency determinations, respectively.

Subroutine TURB-1 - Impulse Exit Stators

Assumptions. - The velocity diagram for this stage is shown in figure 10. The
diagram is determined by the choice of inputs. The design assumptions for the impulse
exit stator case are constant static pressure through the rotor and exit stator
(pS =Pg = p5) and constant annular area across the rotor. In addition, the rotor inlet
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axial velocity is initially prescribed by the condition Mx, 5 = MS’ and a trial value of in-
let stator efficiency N is prescribed.

Rotor inlet conditions. - The inlet stator exit velocity is obtained from the actual
total- to static-enthalpy drop across the inlet stator, AhN = ha - h5 as illustrated in
the enthalpy-entropy diagram of figure 20. The value of AhN is determined in the
ADIABT subroutine described in appendix G. The specific inputs required for the deter-
mination of AhN are T;l, pzl, N il » Pg and M- ‘The ADIABT subroutine also de-

4
termines the value of the static temperature at the inlet stator exit T5.

The velocity at the inlet stator exit is then calculated from the expression

Vg =y 27 Ahy (D1)

Values of R5 and Ve at the inlet stator exit are obtained from the subroutines of ap-
pendix G. Inputs to the gas property subroutines are temperature and fuel-to-air ratio.

Thus the value for sonic velocity is

The inlet stator exit Mach number is then calculated from

d (D3)

Once M 5 is calculated, the new value of inlet stator efficiency is obtained from

=1 - (D9

N EN

where the loss coefficient En 1s obtained from equation (C13) of appendix C. With the
value of N known, the subroutine iterates on M5 until

’<M5|n - M5|n+1>| < 0.002 (D5)

The rotor inlet velocity diagram is then established in the following manner: The in-
let stator exit angle o (measured from the axis) is calculated as
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B

A /M '
ag = cos Y X - cosTY X (D6)
v M
5

where M,  is the initial prescribed value (=MS). The rotor inlet axial velocity is then

Vx, 5= Vg COS ag (D7)

and the tangential velocity component is

Vu,5=Vgsinag (D8)

Then, when the rotor mean line velocity UT is known, the tangential component of the
gas may be determined from

Wu, 5= Vu, 5~ UT (D9)
The relative velocity at the rotor inlet is
_ 2 2
Ws=YV%, 5+ Wy 5 (D10)
The rotor relative inlet blade angle measured from the axis is
w
By = tan” 1 —8 (D11)
Vx
5
The total pressure at the rotor inlet is obtained from Py and M5 as
1 5 ?’5/(’)’5"1)
p'5=p5[1+—('y— I)M} (D12)
2 5
and the density is
144
Py = (———p> (D13)
RT /g
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Rotor blade efficiency and exit conditions. - The blade efficiency g is obtained
using the loss coefficient approach developed in appendix C. The blade efficiency is

Tlel'gB (D14)

where the rotor blade loss coefficient tEp is calculated from equation (C21) of appen-
dix C. The relative gas velocity at the rotor exit is then, by definition

Wy - oy o1

The energy loss in the rotor blade is calculated from the expression

W - Wg
EB == (D16)
2gd
or in terms of rotor blade efficiency
W
2gJ

From this value of the energy loss, the rotor exit fluid properties are calculated by as~
suming that the gas specific heat C is obtained using rotor inlet conditions as the in-
puts to subroutine SPHTCP (appendix’ G). This assumption is valid because a relatively
small variation in static temperature exists across the impulse rotor. Thus,

E

T, =T, + B (D18)
6 5 C
p,6
The static density is, since pg = Ps,
144
PG = (———p> (D19)
TR /g

For constant annular area across the rotor, the rotor exit axial velocity from con-

tinuity is
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L - T
Vx,6 - Vx, 5(_8
Ts

The relative tangential component of the outlet flow is

and the component Vu 6 is

Vu,6=Wu.6' Ur

Then the relative flow angle at the exit is

and the absolute angle is

The absolute flow exit velocity is then

V. = Vx
6 CcOSs o
6

and the absolute exit Mach number M6 is obtained as

The relative exit Mach number is

(D20)

(D21)

(D22)

(D23)

(D24)

(D25)

(D26)
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M, =[N __ (D27)

6
" VngT 6

The total temperature at the rotor exit is then

Ty = Tg [1 + 1o - 1)M2J (D28)
2 6

and the total pressure is

76/(7’6'1)

D§ = Pg [1 +%(7 - m? (D29)
6

Exit stator. - The exit stator is specified as impulse, that is, constant static pres-
sure. The total pressure at the stator exit is determined from

p§ = pg - Kg(p' - plg (D30)

where the exit stator total-pressure-loss coefficient KS is calculated as described in

appendix C.
The exit stator exit axial Mach number is calculated by noting that Pg = Pg SO that

1/2

niv-1
MS _ 2 1 |:<%>('}’ )/’)’_E, (D31)
y -
S

The value of MS calculated is then compared with the value of MS specified in the
main program. If the values are different, the starter value of Mx 5 which is initially
obtained as M, 5 = Mg, is adjusted according to ’

MS(prescribed) (D32)
Mg (calculated)

My 5lnsl = Mx, 5|n
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The entire calculation is repeated until convergence is obtained according to

< 0.001 (D33)

l [(MS) n+1 - Mg) n]

After the final stator exit Mach number is determined, the stator exit fluid proper-
ties are calculated. The static temperature is, since Tk = T'6,

T'
T = S (D3%)

.
P+lw-nmﬂ
2

S

and the stator exit velocity, which is prescribed as axial, is then calculated as
Vg = <M ngRT)S (D35)

The total pressure at the stator exit is calculated knowing the value of Pg and the input
value of MS from the expression

YS/(Vs']-)

Py = Py [1 - 1)M2}S (D36)

Turbine-stage efficiency. - The turbine-stage efficiency required for the main pro-
gram is a total-to-total efficiency since the main program only deals with total condi-
tions. This value of turbine efficiency will replace the assumed value used as an initial
value by the main program as discussed in appendix B. The stage efficiency is calcula-
ted initially for the case of no leakage (i.e., w 5= Wl)' This calculation yields the maxi-
mum attainable efficiency for the previously calculated velocity diagrams. By definition,
the turbine-stage efficiency is

P
Ny = —2 (D37)
Pr id

where, for a constant turbine pitch diameter, the no-leakage actual power is
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_ Wy 5~ Wy 607y

P = (D38)
and the ideal power based on total-to-total conditions is
Pr iq = W4(Ahp)ig (D39)
As illustrated in the h-S diagram of figure 20
(Abhp)iq = by - (hg)iq (D40)

The ideal total-to-total enthalpy drop from turbine inlet to exit stator exit is calculated

using the ADIABT subroutine. Inputs required are pzl, T;l, and pé along with

Ny = 1.0. The subroutine also issues as output the isentropic total temperature at the

exit stator exit (T'S)i g+ The efficiency is then obtained using equations (D37) to (D40) as
_ UT(Wu. 5~ Wy, 6)

Ny = (D41)
gJ(Ah,'I.)id

This value of efficiency is then adjusted to account for the turbine flow leakage at the
inlet stator exit to the fan passage. This leakage reduces shaft power output by reducing
the mass flow across the rotor. The adjusted efficiency is then given as

p, leak = Ml = Z5) (D42)

The value of Zg, which is defined as the ratio of the turbine seal leakage flow rate to

turbine inlet flow rate, is given as

w
7, = 1eaK (D43)

Details for computing the leakage fraction are given in appendix F.

The total-to-total efficiency as given by equation (D42) corresponds to the definition
of efficiency used in the main program (appendix B).

Partial admission effects on design-point efficiency. - Additional losses in power
will arise in partial admission due to (1) windage losses (centrifuging of gas in the non-
active part of the wheel), (2) filling and emptying losses (expansion and loss of momen-

46



==

tum of the gas in the blade passages at the end of the sector of admission), and (3) mixing
losses (mixing of the working gas with stagnant gas in the blade passages at the ends of
the admission arc). The method developed by Stenning (ref. 16) is used to estimate these
losses.

The filling and emptying loss affects the momentum of the gas leaving the rotor
blades so that, in effect, the relative velocity leaving the blade is reduced. Thus equa-
tion (D15) becomes

W = Wy ¥ Koo o4
where
Kpa = <1 - 3—Sa> _ (D45)

In equation (D45), a is the arc length of admission given by

a=ndp <_9_> (D46)

and s is the blade spacing at the mean line, which is obtained from the blade solidity
o = ¢/s and aspect ratio AR = HT/c to give

S = (D47)

o(AR)

The values of solidity and aspect ratio are program inputs.
The effect on the actual power due to pumping and mixing of the fluid in the rotor is
given as a modification of equation (D38).

U 1.4Udcw,
Pp = — (W, 5-Wu gy - (D48) .
gd ’ ’ 2gd Va2 cos ag

Simplification results in

2
U_w 1.4 U ¢
p=__T_4W5-W R S (D49)
2V5acosoz5
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The revised turbine total-to-total efficiency expression replacing equation (D41) is, then,

UT 1.4 U%c ©
N =—— [W -W -_— 50)
T (Ah,‘r)ing u, 5 u, 6 2Vga cos ag

Turbine annulus flow areas. - After completing the velocity diagram and efficiency
calculations, turbine annulus areas were obtained. The inlet stator exit annulus area for

full admission is givernby the expression

144 Wy
= — (D51)

Vx,5p5

Ag

Rotor inlet annulus area is for constant axial velocity assuming no change in static con-

ditions

Ag = Al - Zy) (D52)

5

and, for prescribed constant annulus area,

(D53)

The exit stator exit annulus area is

) RSTSW4(1 - ZS)

A (D54)

S PsVg

Turbine design parameters. - The speed-work parameter (as defined in ref. 14) is

given as
U
A=—L (D55)
AV,
But, for constant turbine pitch diameter
AVu = AW u
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thus,

U
Az T _ (D56)
Wu, 5 Wy, 6

Another parameter often used in describing turbine efficiency is the blade-jet speed

ré.tio, defined as

y=_2L (D57)

where the velocity term Vj is the ideal jet velocity corresponding to the ideal expansion
from inlet total to exit static conditions across the turbine

v
V,=—2

R

(D58)

Subroutine TURB-2 - No Exit Stators

In this design the whirl component of the exit velocity is lost because it is not avail~
able to produce turbine thrust. This subroutine differs from the TURB-1 subroutine in
that MS = Mx, 6’ p:s = pé, TS = T6, and VS =Vx, 6 Specifying a value of MS in the
main program sets both the rotor inlet and exit axial velocity for this case. Definitions
of stage work and turbine total efficiency are not altered. The calculation procedure and

sequences for this case are the same as those of the impulse stator case of TURB-1.

Subroutine TURB-4 - Diffusing Exit Stator

In order to get the maximum power from impulse turbines along with obtaining low
exit velocities, the use of diffuser exit stators is required. This type of vane will be
designed to, not only turn the flow, but also to permit a reduction in velocity such that
VS < Vg- The velocity diagrams for this case are the same as those shown in figure 12.
For this type of stage and for an ambient exit pressure (pS = po), the rotor inlet and exit

static pressures will be subambient.
The amount of diffusion in a blade row will depend on the loss that can be tolerated.
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The losses in the blade were expressed in terms of the total-pressure-loss coefficient:

1-p 1-pg
p' p'
1 - pg vg/(g=1)
] 1 - 1 + y—-—l- M2
Pg 2 5

The value of the total-pressure-loss coefficient was estimated from the relation

20SK§ e3' D
=022 (D60)
cos BG

Kg

where D is the diffusion factor, Og is the stator solidity (taken to be 1. 2), and K§ is
equal to (KS cos 36 /ZOS)D=O (taken to be 0.005). The diffusion factor for turning back to
axial is defined as

A\ sin o
D= 1-—S + 6
V6 Zos

(D61)

The value of exit velocity VS can be calculated from equation (D61) knowing rotor exit
flow conditions (V6), an input value of exit stator solidity, and an input value of allow-
able diffusion factor. In order to insure that a solution is satisfactory, the program iter-
ates on diffusion factor D until the calculated value of exit stator exit Mach number
agrees with the prescribed value to within 0. 001. This procedure then yields a specific
value of diffusion factor (program output) for each choice of exit stator exit Mach num-
ber. The value of diffusion factor calculated for a choice of MS may be beyond the
practical limit thus limiting the range of exit stator exit Mach number.
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APPENDIX E

TWO-STAGE TURBINE SUBROUTINE

For turbine designs with large pressure ratios, it may be desirable to design a two-
stage turbine in order to reduce the pressure ratio per stage and increase stage and
overall efficiencies, thus reducing required turbine weight flow. This section provides a
calculation of turbine total-to-total efficiency for use in the main program. The two-

stage design is based on full admission, impulse rotors, and near-equal stage work with

each individual stage made up of a stator and rotor. In addition, there is an impulse exit

stator to turn the gas flow to the axial direction to increase turbine thrust.

The turbine design point efficiency includes the effects of blade row losses.
tion, it is adjusted to include the reduction in turbine mass flow due to turbine-to-fan
It is assumed that the velocity diagrams are not affected by this reduction

Only the leakage path upstream of the first-stage rotor is considered in the

In addi~

seal leakage.
in flow rate.

analysis.
The two-stage turbine is mounted at the tip of the fan rotor blade as shown in fig-

The turbine station designations for the two-stage turbine design are given in fig-

ure 3.
Provision is made in

ure 9, and the typical velocity diagrams are shown in figure 13.
the analysis for a variation of mean diameter between first- and second-stage rotors.

Most inputs required from the main program are identical to those required for the
single-stage designs given in appendix D. The rotor inlet axial Mach number for each
stage is at first set equal to the exit stator exit Mach number, that is, Mx 5 = Mx 7 =MS.

First Stage
The static pressure at the first-stage rotor inlet was determined by the expression

P = X YPyp, (E1)

where X is an input that enabled the program to obtain variable work split between the
stages. For example, a value of X equal to 0.90 resulis in a 55-percent - 45-percent
work split for the first and second stages, respectively. With the calculated value of Pg
and the inlet conditions T?!,, p;l, i » My and an initial trial input value of N, 5 the
a ’
4
subroutine ADIABT is used to obtain inlet stator outlet condition Tg and the enthalpy

drop
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Ahy 5 =hy - hg (E2)

for the expansion from p'4 and T} to Pg- The inlet stator exit velocity is then

Vi = Y283 ahy o (E3)

The values of the gas constants Rg and Vg are obtained from the subroutine GASCON
and GAMMA, respectively (appendix G). The Mach number at the inlet stator exit is then

My=(—Y (E4)

5 =
V?’gRT 5
A new value of inlet stator efficiency is then obtained from the relation
N 5=1-£N,5 (E5)

and the inlet stator loss relations of appendix C. The value of g 5 is obtained from
equation (C13) of appendix C. Once a value of IN, 5 has been obtamed the program
iterates on M5 until

< 0. 002 (E6)

‘<M5ln - M5ln+1>

The velocity diagram calculations are conducted by initially setting

M, 5= Mg (E7)
Then
M
ag = cos'1<—x> (E8)
M
5
Vx, 5= Vg COS ag (E9)
Vu’ 5= Vg sin ag (E10)

52



I8

Wu, 5% Vu, 5" UT, 6 (EL1)
and
-1 Wu
BS = tan —_ (E12)
V.
x/5
Then
2 2
and
M, 5= W (E14)
Y vgRT 5
The total pressure at the rotor inlet is
75/(75'1)
1 2
pL = Pg|l +=(y - IM (E15)
2 5
and the density is
Pg = 144 p (E16)
RT 5

After completing the calculation for the rotor inlet, the exit conditions are initiated
by calculating the losses across the rotor blades. The relative exit velocity is

W =Wg ‘/’713, 8 (E17)

where the rotor blade efficiency TR 6 is calculated from
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Mg 6=1-Ep ¢ (E18)

The loss coefficient is obtained from equation (C21) of appendix C. The values of 5. 6
and W6 permit the calculation of rotor energy loss: ’

W5 - Wg
Eg 6= (E19)
’ 2gd
Next, C is obtained from the SPHTCP subroutine of appendix G using rotor inlet con-
ditions, p; and T.. Then
E
Tg =Ty +|— (£20)
C
b/e
For an impulse rotor,
Pg = Py (E21)
and the density is
144
pg = (—L (E22)
RT 6
For the condition that A6 = A5 and for continuity
_ T
Vx, g = Vx, 5_6 (E23)
Ty

)2 2
W, 6 ~YWs - Vi g (E24)

u, 6

and the component Vu 6 is
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B

Then the relative gas angle at the rotor exit is

and the absolute angle is

Thus,

The rotor exit absolute Mach number is calculated from the expression

Va, 6= Wy - Uplg

W

Bg = tan'1<—1-1->
V

X/

Vg = (VX cos oz)6

The relative Mach number is then

The total temperature at the rotor exit is

and the total pressure is

M

Té=T6<1+

W

v-1
2

6 T\ T —
: v‘ngTS

M2>
6

(E25)

(E26)

(E27)

(E28)

(E29)

(E30)

(E31)
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vg/ Vg=1)
Pg = Pg [1 Ly - 1)M2J (E32)
2 6

These fluid properties now constitute the inputs to the second-stage stator.

Second Stage

The velocity diagram for the second-stage stator and rotor are shown in figure 13.

For the stage,

Py = Pg = Pg (E33)

The enthalpy drop across the second-stage stator was first calculated with a trial
starter value of stator efficiency N7 and inputs to the ADIABT subroutine (appendix G)
s My and Pq- This yielded T7 and

£
Té’ p6’ ‘;
4

Ahy 7 =hy - Dy (E34)

Then the stator exit velocity is

Vo= Y287 Aby o (E35)

The Mach number is then calculated as

_vV (E36)

7
¥ vsRT 7

A new value of stator efficiency IN. 7 is then obtained from the relation

=
i

N7 =i (E37)

The energy-loss coefficient gN 7 is calculated in the same manner as the loss coeffi-

cient of equation (E5).
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The relation used for adjusting the mean radius of the second-stage rotor is
(E38)

(rp mlg = (TRM)(rp g

where (TRM) is an input which is generally less than 1. 0 because of the fan duct contrac-

tion. The pitch line velocity is then
UT, g = (TRM)UT, 6 (E39)

Once the second-stage stator efficiency N. 8 has been calculated, the program iterates

on stator exit Mach number until
(E40)

= 0.002

I<M7In - M7ln+1>

At the second-stage rotor inlet, the axial flow Mach number M, 7 is taken to be
The second-stator

equal to the axial Mach number into the first-stage rotor M, 5.

absolute exit angle o is then calculated as

X

M
oy = cos-1<—> (E41)
M

7

And
Vi 7= (V cos @)y (E42)
Vy, 7= (Vsina), (E43)
Yq/(vq-1)
(E44)

ph=Dp 1+1(7/-1)M2
7= Pq 9 .

In the preceding equation p, is obtained from equation (E33). The flow density is

144 p (E45)

(),
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The remaining velocities and angles of the velocity diagram at rotor inlet are

Wu,7= Va7 Up, g (E46)
W
By = tan”1[ U (E47)
Vx
T
_ 2 2
W7 = Vx, 7+ Wu, 7 (E48)
M, g = W\ (E49)
V'}/gRT 7
For the rotor outlet, the relative velocity is obtained from

In this equation, the second-stage rotor blade efficiency is obtained from the expression

"g,g=1-£p, g (E51)

for which the loss coefficient is obtained in a manner similar to the first-stage rotor-
blade loss coefficient. The value of second-stage rotor blade efficiency from equa-
tion (E51) enables the determination of energy loss through the rotor based on relative

velocities
w2 - w2
Eg g=———— (E52)
’ 2gd
then Cp 8 is obtained from subroutine SPHTCP of appendix G using T7. Then,
?
E
Tg =Ty + -2 (E53)
C
PJg
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By specification, the static pressure is

p8 = p7 (E 54)

and the flow density at the rotor exit is

pg = 144 p (E55)
RT 8

From continuity and the condition that A8 = A,7 the exit axial velocity is

Tg
Vx, 8~ Vx, 7 T— (E56)
7
the tangential component is then
_ 2 2
Wu, g~ Wg - Vx, 8 (E57)
and the component Vu, 8 is
Vu, g= W, - Uplg (E58)
The rotor exit angles are
w
Bg = tan™1[ (E59)
Vi 8
Vv
og = tan~1[ 8 (E60)
Vx
8
and
Vv
vg=[—= (E61)
cos «
8
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Then

M, =(—Y _ (E62)

g=
¥ 8RT 8

and

M, g = W > (E63)
8

¥V »eRT

The rotor exit fluid properties are

Té=T8<1+——7';1M2> (E64)
8
and
Yo/ (Vo=1)
. y-1,2 8/ V8
2 8

Exit Stators

The velocity diagram for the exit stators is given in figure 13. The exit stator is
specified as impulse, that is, Pg = pg- The exit stator total-pressure-loss coefficient
Kg, is calculated in a manner similar to that of the single-stage turbine. Equation (C27)
of appendix C gives the expression for KS The total pressure at the stator exit is

p§ = Py - Kg(p' - p)g (E66)

Then knowing pé and Pg» the exit axial Mach number is

1/2

-1
M - 2 <P_>(y W _ 1 (E67)
Yy -1{\p
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The calculated value of Mg is then compared with the value of MS specified in the
main program. If the values are different, an iteration is conducted based on an adjust-
ment of the starter value of Mx, 5 and the second-stage axial Mach number Mx, n
according to

M .
_ “S(prescribed)
My 5lne1 =My 5ln oy (E68)
S(calculated)
and
Mx, 7|n+1 = Mx, 5ln+1 (E69)

This procedure is repeated until

‘<M5|n+1 - Ms|n> < 0.001 (E70)

From the final value of exit stator exit axial Mach number, the exit fluid properties
are

Ty = Th (adiabatic stator) (ET1)
and
Ts
TS = (E72)
1+10 - M2
2 s

The exit stator exit fluid density is

pg = (144 p> (E73)

Then the exit stator exit axial velocity is calculated as

Vg = <M "R gT)S (ET4)
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Overall Turbine Efficiency

A calculated value of total-to-total efficiency based on blade-row losses is then de-
veloped to replace the assumed value initially used in the main program. The determi-
nation is based on the enthalpy-entropy diagram for the two-stage turbine shown in fig-
ure 21. The total-to-total efficiency is defined as

N = T (ET5)
Pr,id

The actual power PT is made up of the first- and second-stage power inputs, which for

the case of no leakage and full admission, is

Pr=P, o +Ps g (E76)

where

Wy
6 —
s gJ

Py6=Up,6Wy 5~ Wy (E77)

and

_Ur, 8Wy, 7 - Wy, 9wyl - Z¢)

- (E78)
6-8 -

P

where Zﬁ is the interstage stator leakage factor defined as the ratio of the flow that by-
passes the interstage stator (see fig. 3) to the through flow. The value of Zg is a pro-
gram input. It is assumed that the interstage leakage flow does not affect the stage

velocity diagrams or flow areas. From equation (E39), equation (E76) can be rewritten

as
w
4

Pp = UT, 6 I:Wu, 5" Wu, 6 F (TRM)(Wu, 7" Wu, 8)(1 - ZG{I g? (E79)

The ideal power for the two-stage turbine based on total-to-total conditions is (from
fig. 21)
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I’\
) Py, 1q = Wa(Ahp)iq = Walhy - by 49 (E80)

The isentropic total-to-total enthalpy drop is obtained using the ADIABT subroutine of

appendix G with the inputs, Py Ty pé, f—‘ s My and 77 =1.0. Thus, the overall turbine
a
4
total-to-~total efficiency becomes

UT, G[Wu, 5" Wu, 6+ (TRM)(Wu, ' Wu, gl - ZG)}

n (E81)
’ (hy - hg ;987

The total-to-total efficiency as given by equation (E81) corresponds to the definition of
efficiency used in the main program. This value of efficiency is then adjusted to account
for the turbine-to-fan leakage which reduces the actual power output by reducing the

mass flow.
The two-stage total-to-total turbine efficiency adjusted for leakage is then

T, leak = {1 - Z5) (E82)
The value of Z5 in equation (E82) is defined as
w
z, = o2k (E83)
Wy
This expression is obtained using the method of appendix F.
Turbine Annulus Flow Areas
The first-stage stator exit annulus area for full admission is given by
144 w 4
A 5= ———— (E84)
Vx, 5P5

The rotor inlet annulus area which includes the turbine leakage term (to give the same
velocity across the station) is given by

63

&
hi



Ag =A(1-2Zy) (E85)

and as previously stated, rotor outlet annulus area is

The second-stage stator exit annulus area is

w,(l-2Z,)
Ay = _4r 7y (E87)
P7Vx 7

The second~stage rotor inlet area is the same as the inlet stator exit annulus area,
and it was also prescribed that rotor inlet area equals rotor exit area, so that

Ag = A, (E88)

Exit stator exit annulus area is obtained from

(1-72))
A -4 7% (E89)

S
psVs
Turbine Design Parameters

For a multistage turbine, the overall speed-work parameter as defined in refer-

ence 14 is

r=—2L (E90)
AV,
Then for a two-stage turbine,
AVu:Wu,S —Wu,6 +Wu,7 - Wu,8

and equation (E90) can be rewritten as
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RS |

Up
(E91)
(Wu,-5 - Wu,6 +Wu,7 - Wu, 8

A=

The blade-jet speed ratio is (where TRM = 1, for simplicity)

a

T (E92)

V= ——

i

where V]- is the ideal jet velocity corresponding to the ideal expansion from inlet to exit

static conditions across the turbine. Equation (D58) of appendix D is the expression used

for obtaining Vj .
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APPENDIX F

LEAKAGE ANALYSIS

The principal problem with leakage seals for tip-turbine fan-rotor wheels (see
fig. 3) is the difficulty in maintaining close seal clearances due to poor dimensional con-
trol inherent in this configuration. Seals applicable for such use could probably be of the
abradable labyrinth or honeycomb types which allow for local rubbing contact without
seizing or destruction of the seal.

Leakage Flow Factor

Leakage of the primary flow from the turbine to the tip region in front of and behind
the fan rotor not only reduces turbine power output and thrust but also deteriorates fan
performance. Thus, it is important to be able to predict the magnitude of the leakage
flow for the geometry in question. This analysis will consider only the leakage for the
first-stage stator because it has a direct flow path to the inlet tip region of the fan rotor
as shown in figure 3.

The basic relation for the leakage flow parameter was obtained from the relations
given in references 17 and 18. The ideal leakage flow rate W] eak is given by

Wieak = ACfe‘/gp'p (F1)

where A is the seal clearance geometry area (equal to ndF’ tcl), p is the density of the
gas at the seal inlet, Cf is the orifice flow coefficient, p' is the seal inlet total pres-
sure, and e is the expansion function. Rewriting equation (F1) to form the leakage flow
factor results in

leak
o~ Cre eye (F2)

In this equation, e was determined from experimental data on a round sharp-edge ori-
fice. Values of e are tabulated in table I of reference 17 and plotted against p ex/p' in
figure 7 of the same reference. These values of e were determined based on a constant
value of flow coefficient. Also, reference books give (_jf values for sharp-edge orifices
from 0.60 to 0.624; an average value, Cf = 0.615, was used in conjunction with the ex-
pansion function e for reference 17 (single labyrinth).
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Comparison of resultant plots of the product Cf and e of references 17 and 18 pre-
sented in figure 22 showed very good agreement. Thus, for calculation purposes, the
flow parameter based on equation (F2) was used in which the effective orifice coefficient
Cf is set equal to 0. 615.

For computer program use, it is desirable to have an analytical variation for the ex-
pansion function. It was found that the variation of e in reference 17 could be expressed
reasonably well by the relation (for B/cl = 1.0)

(F3)

where €nax varied with the number of chambers in the seal. An expression for €nax
as a function of the number of labyrinth restrictions 0o Was deduced from the data
of reference 17 and given as

0. 50

0.925

e (F4)

max =
D eak

Variations in Cf due to other choices of B/cl are handled by varying the pressure
ratio exponent in equation (F3) in the following manner

(F5)

The variation of the exponent b with element width-to-clearance ratio B/cl was ob-
tained from reference 17 and is shown plotted in figure 23.

The final expression for the seal leakage flow rate function is obtained using equa-
tions (F2) to (F4) as

(F6)
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Seal Pressure Ratio

Since the approach velocity upstream of the seal orifice is expected to be quite low
(relatively small flow rate and large area), the total pressure is essentially the local
static pressure. Thus, for the inlet seal, in terms of the program nomenclature (see

fig. 3)

p' = pg (F7)

and the temperature T' in equation (F6) is the total temperature, that is, T' = T'5.
The seal exit pressure Pex is defined as the local static pressure at the inlet bell-

mouth at the point of the seal. This pressure is given by the expression

Pex = Po = Creax(P10 = P10) (F8)

where p'10 - P1p is the average value of the inlet velocity head at the mean fan radius
and ¢ eak is a constant obtained from potential flow solutions of typical inlet bellmouth
sections for lift fans (e.g., ref. 19). Calculations indicated a representative Cleak
value of 1.2, since the axial velocity at the tip of the rotor inlet is generally larger than
at the midpoint. The average static pressure in equation (F8) is obtained from (for

x=1.4)

P10 _ 1 (F9)

where pio and M10 are inputs from the main program.

Leakage Rate
Once Cfe and expansion pressure ratio pex/p' are obtained, the leakage flow fac-

tor equation (¥6) can be rewritten in the following form by inserting A = ndF tcl and
noting that p' and T' are replaced by Pg and T'5, respectively, ’
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e

Somes

(F10)

Since the actual value of running clearance will not generally be known, the value of cl
was prescribed by the empirical expression :
(F11)

cl=C dF, t

The factor C cl’ in practice has values of around 2. 510"~ for the rub-in type of seal.

The leakage ratio based on turbine flow rate is then

w
_ leak (F12)

Wyq

Z5

The turbine-to-fan leakage for the two-stage turbine design (fig. 3) was treated in
Inherent in the two-stage turbine is a

he same manner as the single-stage design.
igher inlet stator exit static pressure and possible mechanical design problems (larger
These conditions may warrant

learance gap) that would increase the leakage flow rate.

somewhat larger value of Ccl for use in equation (F11).
The leakage flow not only affects the performance of the turbine by reducing the
The leakage flow dis-

rimary weight flow, but also affects the performance of the fan.
arbs the fan flow at the tip region which causes a reduction in fan efficiency g The

ffect on g is not included specifically in the program; however, the value of Mg
which is an input) can be changed to account for the leakage flow if the variation is

nown.
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APPENDIX G

FLUID PROPERTY SUBROUTINES

In addition to the major subroutines required by the main program, there are 12
smaller routines that describe the fluid properties of both primary (turbine) flow and sec-
ondary (fan) flow. The subroutines are written in terms of 'a basic routine called POLY.
This subroutine is a working tool for the other routines because it describes enthalpy,
entropy function, and specific heat as a function of temperature along with the reverse
situation of temperature as a function of enthalpy or entropy function. The subroutines
presented in this section are general in that they are valid for both fuel and air mixtures
and air. A list of the fluid property subroutines described in this appendix are

(1) Function POLY (7) Function SPHTCP
(2) Function FULAIR (8) Subroutine ADIABT
(3) Function TFROMS (9) Function GAMMA
(4) Function GASCON (10) Function ENTROP
(5) Function TFROMH (11) Function VISCON
(6) Function ENTHAL (12) Function FMM

Function POLY

The thermodynamic properties (specific heat, enthalpy, and entropy function) for air
and for stoichiometric fuel and air mixtures for several fuels have been tabulated by Hall
and Weber in reference 20. These properties for air and for a stoichiometric mixture of
air with hydrocarbon fuel have been programmed as polynomials in absolute temperature
(°R) in function POLY.

Formulas are also derived in reference 20 that permit the calculation of the ideal
fuel-to-air ratio for any given inlet air temperature and final combustion temperature.
Ideal fuel-to-air ratio corresponds to complete combustion assuming no dissociation.
Procedures are also indicated for calculating the thermodynamic properties of fuel-air
mixtures with fuel-to-air ratios less than stoichiometric.

POLY yields gas properties based on relations for the specific heat of a mixture,
entropy function of a mixture, and enthalpy of a mixture. These relations are

C,=Cp , +GH(C) (G1)
¢ = ¢, +GY(9) (G2)
h=h, + Gy(h) (G3)
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where the term G is a function (modified for incomplete combustion) of the efficiency of
burning and the fuel-to-air ratio. The expression for G is

b
n(£)
G =—‘; (G4)
142
()

The value of 7, is the same as that used in the burner. The functions Cp a Pas
h,, Y(C.), ¥(¢), and Y (h) are all tabulated in reference 20 and are expressed as poly-
nomials in the absolute temperature (°R) in function POLY. The POLY functions are:

For air
POLY (T,1)=h
POLY (T,2) = ¢

POLY (T, 3) = C,

POLY (h,7) =T

POLY (¢,8) = T

For JP fuel in air
POLY (T, 4) =y (h)
POLY (T, 5) = ¥ (¢)

POLY (T, 6) = ¥(C))

Function FULAIR

This function evaluates fuel-to-air ratio as a function of burner inlet and outlet tem-
perature and burner inlet fuel-to-air ratio. The function FULAIR gives only the ratio of
fuel added in the burner to the air (not the fuel-to-air mixture) entering the burner.
Then the total burner outlet fuel-to-air ratio will simply be the sum of the input and the
computed fuel-to-air ratio. An additional input required is the burner efficiency Thy-
The function FULAIR is given as
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f

Function FULAIR <T1, T2, ; » M

1

where the calculation procedure is

(1)<£> - 0.02
ajor
(),
a/s \2/1 \2/ay
(3)h_ENTHAL[2,<>,nb
3
1 B

“”@ o [ 31]

|+

(4) h; = ENTHAL

®

2 [anV(h2 - HO)}

(6) If[<£> -<i> - 1.0><10‘6}> 0
a/9 \¥aT

let <£> = <£> and return to step (2). If the difference is =0 then do the following
2T  \¥/2

(7) FULAIR = <£)
2

a

(8) Return to main program



.

Function TFROMS

This function evaluates temperature from entropy function using an iterative proce-
dure. The function TFROMS is given as

Function TFROMS (qoM, i, My )
a

The calculation procedure for this function follows:

£
(1) G =-2

<T€)

(2) T, = POLY (g, 8)

o1 1.2

[poLY(Ta, 2) + (G) POLY(T,, 5)}

(3) @, = POLY(T,, 2)

(4) T, = POLY (¢, 8)

At this point in the program, solve for Ta by the false position method which obtains
approximations for T,. Thus, for the mixture, TFROMS = T,.
Function GASCON
This function evaluates the gas constant as a function of fuel-to-air ratio.

Function GASCON <£>

a
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53. 349 + 55. 088 i)

oo

and the GASCON = R.

Function TFROMH

This function evaluates temperature from enthalpy and the fuel-to-air ratio of the
mixture. This function also requires the burner efficiency and the function POLY. An
iterative process is required to evaluate the mixture temperature. The function

TFROMH is given as

. f
Function TFROMH (hM’ ;:, 'nb>

where the calculation procedure is

1) G =2
E
a

(2) b, = hy,

(3) T, = POLY(h,,7)
(4) ¥y () = POLY(T,, 4)

h
(5)h,=hd M
a 4 [ha + GI,UM(h)]

(6) T, = POLY(h_, )

Now, solve for T a using the false position method, which obtains approximations for

T,. Then, for the mixture, TFROMH = Ta‘

4



Function ENTHAL

This function gives the enthalpy as a function of temperature, burner efficiency, and

fuel-to-air ratio. Function POLY is used in the procedure:

Function ENTHAL(I‘, My £ >
a

(1) h, = POLY(T, 1)
(2) ¥py(B) = POLY(T, 4)

=7
2 o

3G =
1+-f—>
( a

(4) by, = h + Gy (h)
(5) ENTHAL = hy,.

Function SPHTCP

This function gives specific heat at constant pressure as a function of temperature,

fuel-to-air ratio, and burner efficiency.

Function SPHTCP<T, i, ’r)b>
a

(1) €, , = POLY(T, 3)

i
-n
ab

)G =2
&
a

(3) ¥(C,) = POLY(T, 6)
(4) Cp, M= Cp’ at GtP(Cp)

(5) SPHTCP = C}, -
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Subroutine ADIABT
This subroutine evaluates an expansion or compression of a gas taking into account
initial temperature and pressure, fuel-to-air ratio, adiabatic efficiency, and final pres-

sure. Outputs of the subroutine are final temperature and enthalpy change. The enthalpy
change for an expansion process will be a negative value.

(1) ¢y = ENTROP(TI, £ 77b>
a

@) R - GASCONG)

R Py
(B) oy =0 +< >log—
2° 71" \re.16/ \py

f

f
(5) h1 = ENTHAL(TI, ;, T;b>

. f
For a compression process (p‘.2 > pl)

(hy ig = By)
n

(7) Ah =

For an expansion process (p2 < pl)
Ah=nhy .5-h
(8) Ah = nlhy 34 - By)
The final enthalpy is
(9) hy =hy + Ah

and the exit temperature

(10) T, = TFROMH<h2 LS "b)

’
a
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Function GAMMA

This function evaluates the ratio of specific heats according to the perfect gas

definitions.

Function GAMMA<T, i, "b)
a

(1) C, = SPHTCP <T, fa- "b)

o

(Cp - [GASCON]/778. 16)

(2) GAMMA =

Function ENTROP

This function yields entropy function as a function of temperature, burner efficiency,

and fuel-to-air ratio.

Function ENTROP <T, s 2)
a

(1) ¢, = POLY(T, 2)
f
o S

@

(3) YA¢) = POLY(T, 5)

(2) G=

4) oy = @, + Gile)

(5) ENTROP = ¢y

Function VISCON

This function determines the viscosity of air from a table of viscosity against tem-

perature. The function VISCON is an interpolation procedure (see appendix H for pro-

gram listing).
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Function FMM

This function solves for Mach number for an input value of flow factor.
tion is solved by an iterative procedure. This expression is

FF = MVrg

( Ly Mg)(wl)/?-(y-l)
2

Inputs are FF, v, g and the output is M.

78

The equa-



APPENDIX H

PROGRAM LISTING

$IBFTC VvTOL1

c
COMMON/DAT1/ ADAS,OMEGAS,

Tl,T44,UFT, W10BRsWFWAL,WLBAR,CT,
CMs FKSBy FKSN,XTALS,CCM,AEXP,
THARC,CO00S5,AR,F 14
COMMON/DAT2/ITURB,IETAT, IWRITE,PIE,FKy; TRMyXIALG, .
FLLC,W152,P20P1yW1S15FN3

VP WN

—

DIMENSIDN FN3J(50),P20P1J{50),wlJ(50).,FMSJ{100)

DTLOSS, ETABRETAFETANLETATFKV,
FM1l,FM2,FM2B,FM3S, FNByFNS,FPR,H2P yHHV,P 1,
Pl413, PAMB, PDPS,PP2BsRyRHRTRING,

TAMB,

DIMENSION ALPHS5J(100).DTTJ(100), FMR5J(100),TBHJI(100),

1 VLJJJ(100),
1 WICMP(100) +W1TST(5),FMSTSTI(5) +ALPTST(5)

CALLED AND OUTPUT OBTAINED
I[F [QUT IS READ IN AS O,

PRINTING
ouUTPUT

JPT IS THE INDEX IN THE fMSJ PROFILE
CORRESPONDING TO FMS = .7

INCREASING ORDER

DIFFERENT ETAT AND ETAN INPUTS,
SHOULD BE IDENTICAL, BUT INFACT,
ONLY FOUR OR FIVE DECIMAL PLACES

DR AWN

IWRTSV = IWRITE

o O s ¥alaXskzk2ksXskskakakakzXksXaXeksXaizigsiaRnin NN RoRa R )

IF(IETAT) 160,160,577
160 GO T0(2,161,3,2),1TURB

Bz

IN THE CALLING VECTOR, IFf [0OUT = 0, DO

IF IPLOTT = 1, PLOTS WILL NOT BE DRAWN

1 READ(5,51) ITURB,IETATsIWRITE ,I0UT,JPT7,IWGHT, IPLOTT

IF IQUYT IS READ IN AS 1, COMP WILL BE REAPEADETLY

MINIMUMS WILL BE OBTAINED, AND MOST OF THE
QUTPUT WILL NOT BE PRINTED -~ IE.
MINIMUM CASES WILL BE PRINTED GUT.
IOUT WILL BE USED TO SUPPRESS OR NOT SUPPRESS

s+ ONLY
IN THIS CASE

NOT WRITE

IN THE CALLING VECTOR, IF IOQUT = 1, WRITE OUTPUT

THE VALUES IN THE FMSJ INPUT VECTDOR MUST BE IN

SUB. COMP INTERATES ON ETAT, AND INITIAL GUESSES
FDR ETAT AND ETAN ARE NEEDED. FOR ANY TWO
RUNS USING IDENTICAL INPUT, EXCEPT FOR

THE RESULTS

COMPARE TO

IF IPLOTT = O, AND IQUT = 0O, THEN PLOTS WILL BE
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3 READ(5,50) FKsTRM,XIAL6,FLLC
WRITF(6,5)
WRITE(6,555) ITURB,IETAT,IWRITE,IQUT,,JPT7,lWGHT,IPLOTT
WRITE(64+60) FK,TRM,XIAL6,FLLC

c
GO 1O 88
57 WRIIE(6,58)
WRITE(6,555) ITURB,TETAT,IWRITE,IOUT,,JP7,IWGHT
GO TO 88
161 WRITE(6,162)
WRITE(6,555) ITURB,IETAT ,IWRITE,IOUT,,JP7,IWGHT
GO TO 88
2 WRITE(5,54)
WRITE(5,555) ITURB,IETAT IWRITE,IDUTJP T, INWGHT
c
88 IF(IWRITE) 56,56,87
87 READN{5,50) W1S2
WRITE(5,89) WlS2
C
c
56 REAL(5,50) TLH,OMEGAS,
1 DTLOSS, ETABR,ETAF,ETAN,ETAT,FKV,
2 FM11,FM2,FM28,FM35S, FNByFNSsFPRsH2PyHHV,P1,
3 Pl413, PAMB , PP2B+RsRHRTSRING, TAMB,
4 TLyTa,UFT, WI0OBRsWFWALl,WLRAR,CT,
5 CM,FKSBs FKSNsXTALS.CCM,AREXP,
6 THARC,COOS,AR,Fl4a,Z1L
C
C NOTE - IF IWRITE DOES NOT EQUAL 2, THEN FN3 IS
C NDT USED. BUT ONE VALUE OF FN3 MUST BE READ
C INTO THE PROG. TU SATISY THE DO LOGP
c
c
c
READ(54102) JEN3,(FN3J(J)+J=1,IFN3)
REAiIN(54,102) JP20OPL,{P20P1J(J),J=1,JP20P1)
REAUG(59102) JWl,(W1J(J)ed=1yJIWL)
READ(5,102) JFMS,(FMSJ(J),J=1,JFMS)
107 WRITE{(5,101) (FN3J(J),J=1,JFN3)
WRITE(5.,103) (P2DP1J(J),.J=1,4P20P1)
WRITE(5,104) (KW1J(J)s+J=1,JW1)
WRITE(6,105) (FMSJ(J),J=1,JFMS)
c
WRITE(5,66)
WRITE(6,66)
C
WRITE(5,55) TLH,OMEGAS,
1 DTLOSS, ETABR,ETAF,ETAN,ETAT,FKV,
1 FM11,FM2,FM28,FM3S, FNBsFNSyFPR,H2P s HHV,P 1,
2 P1413, PAMB , PP2BsRyRHRTZRING, TAMB,
3 T1,T4,UFT, WIOER WFWAL, WLBAR Y, CT,
4 My FKSByFKSNyXIALS,CCM, AEXP,
5 THARC,COOS,AR,Fl14
c
ADAS = 1. + o1744+TLH
c
DJ 92 192 =1,JP20P1
P20P1 = P20P1J(I92)
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e, _!

=S

[aNalel

e Rakel

OO0

71

94

70

22
21

25

26
27

30

DO 93 193 = 1,JW1
W1S1 = W1lJ(193)

DI 91 191=1,JFN3
FN3 = FN3J(191)
Wl = W1S1
IWRITE = IWRTSV

PIE = 3,14159¢26
IF(IOUT) T70,70,71

D) 94 [94=1+JFMS
FMS = FMSJ(194)
Wl = W1lSl1
IWRITE = IWRTSV
CALL CIOMP(TOUT » IWGHT y FMS,ALPHS+DTTyFMR5, TBH, WL sFNy VL)
GO 10 91
DEGTS5 = 75.«PIE/180.

TO OBTAIN VECTORS TO PLOT
DN 25 J=1,JFMS

IF(J-J4PT7) 21.,22,21

Iout = 1
FMS = FMSJ(J)
Wl = W1S1

IWRITE = IWRTSV

CALL COMP({IDUT + IWGHT s FMS,ALPHS5,DTT,FMR5, TBHs W1l sFN,VL)
ALPHS5J(J) = ALPHS

DTTJ(J) = DIT

FMR5J(J) = FMR5

TBHJ(J)Y = TBH
WICMP(J) = Wl
VLJJJJ) = VL
IOUT = O

TO FIND MINIMUM Wl

JMIN = 1
DD 27 J=2,JFMS
IF{WICMP(JUMIN) = WICMP(J)) 27427426
JMIN = J
CONTINUE

TO SEE IF WICMP{JMIN) IS AN END POINT
OR AN INTERMEOIATE POINT
TO FIND WI MINIMUM, TWO POINTS
ARE TAKEN ON EITHER SIDE OF WICMPU{JMIN)

IF(JMIN - 2) 30,431,31
FMS = FMSJ(D)
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OO0

OOONO

82

1 32

36
35

38
37

34
28

WITSTW = W1CMP(1) t

ALPTST(1) = ALPH5J(1)
JATST =1
G3 10 34

IF(IMIN - JFMS) 32,33,33
FMS = FMSJ(JFMS)

W1ITSTW = WICMP(JFMS)
ALPTST(JFMS) = ALPH5JUJFMS)
JATST = JFMS

GO TO 34
DELL3 = (FMSJUJMIN) — FMSJ{JMIN - 1))/3.
DEL23 = (FMSJ(JMIN « 1) — FMSJ({JMIN))/3.
JJo = 0 . .

SIGN = 1.

DEL = DEL13

D] 35 I=1,2
SIGt = - SIGN
IoUT = 0

DI 36 J=1,2
JJ = JJ +1
FMS = FMSJ(JMIN) + SIGN=DEL=FLDAT(J)
Wl = W1S1.
IWRITE = IWRTSV
CALL COMP{TIQUT s IWGHT y FMS ,ALPHS,DTTsFMRS, TBHs W1 sFN,VL)
ALPTST(JJ)Y= ALPHS
FMSTST(JJ) = FMS
WITST(JJ) = W1
DEL = DEL23 .
FMSTST(5)= FMSJ{JMIN)
WITST(5) = W1ICMPUJMIN)
ALPTST(5) = ALPHS5J(JMIN)

TO FIND A SECOND AND MDRE REFINED W1

JMINS = ]
D3 37 J=2+5 B
IF(WITST(JIMINS) - WLITST(J)) 37,37,38
JMINS = !
CONTINUE
JATST = JMINS
FMS = FMSTST{JMINS)

WITOSTW = WLTST({JIMINS) -
IF(ALPTST(JATST) - DEG75) 28,28,29

10UT = 1

WRITE(6,9) FMS

Wl = W1S1

IWRITE = IWRTSV

CALL COMP{IQUT s IWGHT, FMS,ALPHS,DYT,FMRS, TBH, W1,FN,VL)
[OUT = 0

GO TO 39

ALPTST(JATST) IS GREATER THAN 75 DEG.
TQ FIND THE INTERVAL IN WHICH ALPH5J IS

75. DEG.y USING THE READ IN, COARSE INTERVALS
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OO0

29

73

40

399

74
75

43
42

76

41

39

46

200

91
93
92

IF(JIMIN = 1) T4474,73
JMINLI = JMIN - 1

DI 399 J=1,JIMIN1
JJ = JMIN -
IFLALPH5J(JJ) - DEG75) 40,40,399
J751= J4°
J752 = 44 + 1
GO TO %41
CONTINJE

INTERVAL NOT FOUND TO TRY 4 LARGER THAN JMIN

IF(JMIN = JFMS) 75,76,76
JMINZ = JEMS -~ JMIN
JJ = JMIN

DD 42 J =1,JMIN2
Jd = JdJ + 1
IF(ALPH5J(JJ) ~ DEG75) 43,43,42
J751 = 44 -1
J752 = JJ
GO T0O &1
CONTINUE
WRITE(S,44) FMSJU{JIMIN),WICMP (JMIN)»ALPHSJ(JMIN)
GO TO 39

TO COMPUTE FMS WHICH CORRESPONDS TO ALPHS = 75 DEG.

FMS11 = (DEG75 — ALPHS5J{J751))/(ALPHS5J(J752) - ALPHS5J(J751))
FMS = FMSL11#(FMSJ(JT52) ~ FMSI(JITS1)) + FMSJI(JT51)

IoUT = 1

WRITE(5,45) FMS

Wl = W1S1

IWRITE = IWRTSV

CALL COMP{IUUT,IWGHT,FMS,ALPHS,DTT,FMR5,TBH,W1,FN,VL)

TO MAKE CALCOMP PLOY
TO NON-DIMENSIONALIZE THE POINTS TO BE PLOTTED
BY DIVIDING 8Y THE VALUES AT FMS = .7
DO 46 J=1,J4FMS
ALPHS5J(J) = ALPHSJ(J)/ALPHSI(JIPT)
OTTJ(I) DTTJ(JI/DTTI(IPT)
FMR5J(J) FMR5J(J)/ FMR5U(JIPT)
TBHJI(J) = TBHJI(JI)I/TBHI(IPT)
WICMP(J) = WICMP{J)/WICMPIUPT)
VLJJJI) = VLIIILII/VLIIIIPT)
IF(IPLOTT) 2006,200,91

CALL HALPLT{JFMS,FMSJ,ALPH5J+DTTJsFMR5J,TBHJ,W1CMP,
1 VLJJJ»FPRyTL 4 T4, UFT4P1l,ITURB)

CONTINUE

CONTINUE
CONTINUE
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50
51
555

54 FORMAT(1H1,

1

IF(IWRITE) 56,

FORMAT(SQEB8.5)
FORMAT({1814)

FORMAT (1HO,8H ITURB =I14,5XTHIETAT

1,1

=[4«5X+8HIWRITE =144+45X,

54I0UT =1445Xs6H JPT7 =14,5X+8H [WGHT =14}
5 FORMAT(1H1,27H TWO STAGE TURBINE WITH 0OGV)

58 FORMAT(1H1l, 82
1 THERE IS

H INPJT FOLLOWS
NO INTERATICN ON ETAT)

30H SINGLE STAGE TRUBINE WITH 0OGV)

TURBINE R0OUTINE IS SKIPPED SINCE

55 FORMAT(IH 4, TH TLH =FE12.54,5Xs THOMEGAS=E12.5,5X,THDTLUSS=E12.5,
1 /1H
2 THETABR =E12.5¢5X,7TH ETAF =E12.545X,
3 7H ETAN =E12.595XsTH ETAT =E12.5/1H ,
4 TH FKV =FE12.545Xy7H FM11l =E12.545X,7H FM2 =E12.545X,
5 TH FM205 =E12.595XyTHFM3S =FE12.5/1H o
6 TH  FNB =EL2.545Xy7H FNS =El2.5+5X,
7 TH FPR =E12.5y5Xy7TH HZ2P =E12.5/1H »
8 7TH HRHY =E£E12.545Xy7H Pl =E12.5¢5X+s7THP1413 =E1l2.535X,
9 TH PAMB =E12.5/1H ,
1 19X, 5X+7H PP2R =E12.54,5X47TH R =E12.5:5X,
2 TH RHRT =E12.5¢45Xe7TH RING =E12.5/1H »
3 TH TAMB =El12.545X,7H Tl =E12.545X,
4 H T4 =E12.5¢5X9TH UFT =E12.5/1H
5 THWI0BR =E12.595Xy THWFWAL =E12.5,5X,
6 THWLBAR =E12.5y 5Xy7H CT =E12.5/1H »
7 74 CM =F12.595Xy7TH FKSHB =E12.5,5XsTH FKSN =F12.5,5X,
8 THAXIALS =C12.5,5Xs7HH CCM =E12.5/71H +7H AEXP =El2.5%
1 5X s THTHARC =E12.545Xy7H CO0S =El2.595Xy 7H AR =El12.5,
2 5Xe¢7TH Fl4 =£12.5)

60 FORMAT(1H ,7H FK =E12.595Xy TH TRM =E12.5,5X, THXIAL6 =El12.5,
1 5X,TH FLLC =F12.5)

89 FORMAT{1HOQ,7H W1S2 =El12.5)

102
101
103
104
105
l62

66

44

45 FORMAT(1HO,

9 FORMAT{(1HO,

1
2

1

1

FORMAT(I4,(9E8.5))
FORMAT(1HO,20H FN3 PROFILE FOLLOWS/(8E15.5))
FORMAT (1HO,¢22H P20P1 PROFILE FOLLOWS/(8L15.5))

FORYAT {1HO,19H Wl
FORMAT(1HO,
FORMAT(1H1,

FORM®AT ( 1HK)

FORMAT(1HO,104H FOR THE GIVEN FMS RANGE,

75

END

VUESREES -

TH

1H

FMS

s TH

FOR THIS RANGE,
=E12.575X 17H

FMS =E12.5)

6H FMS

=E12.5)

Wi

PROFILE FOLLOWS/(BE15.5))
20H FMS PROFILE FOLLOWS/({8E15.5))
36H SINGLE STAGE TURBINE

STATORLESS)

ALPH5 IS NEVER LESS THAN
THE MINIMUM W1 FOLLOWS/
=E12.595X, THALPH5 =E12.5)

50H THE CASE CORRESPONDING TO ALPHS5 = 75 DEG.

39H OQUTPUT FOR THE MINIMUM W1 CASE FOLLOWS/LH

FOLLOWS/

’
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$IBFTC TURBIL

C

OO0

OO0

= WNE= QOO WN

TURBLIT4 W4, P4,PSS, DFT,0T, FMS,ETAN,

F3,FM10,P10,PAMB,

TS5+V5+FM5,ALPH5,VZ5,VU5,P5,U,BETAS,

RS s FMR5yREWETAB TS6)VZO6sFMZ6,4,FMRE6,BETAG,
RUGyOMEGA, ALPHG6,P6,PS,T6,FMSCAL s KLEAK,
PHI,PS10,SPR,ZLEAK,ETATL1, ETAT.

FLAM, FNUBR,ETABR

CM,FKSHy FKSNs XTALS,CCM,

AZS 3 FMby FM7Z5,PSFAN,RE,RUS, TS, TSS, VO, VU6, XIM,
XINGXIPyXISyZETAAS,,ZETABZETAM,ZETAPLZETASS,
ZETAS,TSP.DHYTI, CP6,DHsAEXP4DTR,

TBH, THARC,CUOS AR, F14)

WRITTEN FOR HANK HALLER MAY 1968

SINGLE STAGE TURBINE WITH NGV

MAIN REFERS TO THE CALLING PROGRAM
WFEWA3P IN MAIN IS F3 IN TURABDP

FM11 IN MAIN IS FM10 IN TURBDP

P11 IN MAIN IS P10 IN TURBDP

PSCHK IN MAIN IS PS IN TURBDP

PS11 IN MAIN IS PS10 IN TURBDP

MAY 1968
SUBROJTINE
G = 32.174
FJ = 778.

PIE = 3.1415926
PIELBD = 180./PIE

RE = 24.*W4/DT/VISC(T4)
REXP2 = (RE/l1.5E6)%x .2

XIP = XIALS/REXP2

XIS = FKSN%XIALS

PS5 = PSS

PS6 = PS5

GASKON = GASCON(F3)

R = GASKON

FM5C = 2.*FJ/R

DLHBC = 2.=G*FJ

RHO6C = 144.%#PS6/R
THE INITIAL M5 VALUE FOLLOWS

FM5 = 1.

KCT =0

IF(FMS — 1,)64747

XIM = 0.

GO 1O 8
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10
12

15 WRITE(5.,16)

XIM
XIN
ETAN = l.- XIN

De0075#{FM5%FM5-FM5)
XIP + XIS + XIM

CALL ADIABT(T4,P4,ETAN, F3,T755,PS5,DH.,ETABR)

GAM

53AMMA(TSS5,F3,ETABR)

FM5 = SQRT{FM5C«ABS(DH)/TS5/GAM)

IF(KCT-1)9,10,10

KCT =1

FM55V = FM5

GO 10 11

IF(ABS (FM5-FM55V)-.00
FM5S5VY = FMS

KCT = KCT+1
IF{KCT-100)11,411,15

2)1l4y914,12

FM5,FM5SV,ETAN

16 FORMAT(1H , 36H IN SUB TURBDP, FM5 CAN NOT BE FOUND/1H ,

14

34

1

6H FMS

=E12.5945Xy8H FM55V =£12.5,5X,7H ETAN =E12.5)

BEGIN STATOR EXIT MACH NUMBER AXIAL COMPONENT FLOW

FMZ
CP6= SPHTCP(TS5,F3,ET
FMZ6C = GAM*G#R

GAM]Ll = GAM-1.
GAM11 = GAM1/GAM

GAM2 = GAM/GAM1

GAM3 = 2./GAM1

GAM4 = (1,-GAM)/GAM
GAMS = -GAM4

V5 = SQRTI(2.%#GxFJxABS
P5 =

RHO5 = 144.,%#PS5/TS5/R

FMRSC = SQRT(GAM#G*R =
BEGIN FMZ5 COMPUTATIO

KMS=0

FMZ5 = FMS#CCM

ALPHS5C = FMZI5/FM5S
ALPHS= ARCOS(ALPHS5C)
VZ5= V5#ALPRH5C

VU5= V5%SIN(ALPHS5)
AZ5 = 144 .%W4/VZI5/RHO
RU5= VU5-U

BETAS5 = ATANZ2(RU5,VZ5
R5 = SQRT(VZ5#VZ5+RJ5
FMRY= R5/FMR5C

5 CALCULATION

ABR)

{DH))

PS5%#(1.+0.5%(GAM—-1,)*FM5%FM5) #xGAM2

TS5)

N

5

)
#RUS)

TO COMPUTE THE BUCKET EFFICIENCY, ETAB

DELR =2.=BETA5

ZETABC = PIE1BO®=DELB/

100.



ZETABS = 0.025 + 0.034+ZtTABC#ZETABC#SQRT{ZETABC)

ZETAP = ZETABS/REXP2
ZETAS = FKSB#Z2ETABS
IF(FMR5-1.) 42,43,43
42 ZETAM = 0.0
GO TO 44
43 ZETAM = CM#{FMR5%FMR5 - FMR5)
44 ZETAB = ZETAP + ZETAS + ZETAM

ETAB = 1l.— ZETAB

IF(THARC - (360. - .01)) 60,61,61
60 SPACE = TBH/CODS/AR

ARCL = PIE=#DT*THARC/360.

FKPA = 1. = SPACE/3./ARCL

R6 = RH#SQRT(ETAB)#FKPA

GO 70 62

61 R6 = R5=SQRT(ETAB)

62 DLH = (R5%R5-R6%#R6)/DLHBC
TS6 = TSS5+DLHB/CP6
RHO6 = RHO6C/TS6
V6 = 144.%#W4/RHD6/ALS5
FMZ6S = SQRT(FMZ6C=TS6)
FMZo6 VZ6/FML6S
FMR6 R6/FMZ6S
RU6 = SQRT(R6#R6-VZHE¥VZH)
BETA6= ATAN2(RU6,VZ6)
VU6 = RU6-U

i

ALPHG6 = ATAN2(VU6,VZ6)

DELALP= PIEL1BO*#ABS(ALPHG)

DLALPC DELALP/100.

ZETAAS 0.025 + 0.034=DLALPC*DLALPC=2SQRTI(OLALPC)
ZETASS ZETAAS®= (1./REXP2 + FKSB8)

51 OMEGA = ZETASS#®#{1l. + 0.5#GAM#FMS®FMS)

52 FM6 = FMZ6/COS({ALPH6)
P6 PS6#(1.+0.5%#(GAM=1, )#FMO6#FME) #xGAM2
PS P6-OMEGA*{(P6—~PS6) :
T6 TS6#(1.4+0.5%GAMLI*#FMERFME)
FMSCAL = SQRT(GAM3#((PS/PSS)=xGAM11- 1.))

IF(ABS{FMSCAL-FMS) ~-.001) 31+,31,30
30 KMS = KMS+1 ¢
IF{KMS-25) 32,32,33

32 FM15 = FMIS5«FMS/FMSCAL
GO TOD 34 .

33 WRITE(6,435) FMS,FMSCAL,FMZ5

35 FORMAT(1H , 90H IN SUB. TURB6B,FMZ5 CAN NOT BE FOUND - PROGRAM
1CONTINUES USING THE LAST VALUE OBTAINED/1H ,
2 6H FMS =E12.5,5Xy THFMSCAL=EL12.5,5X,TH FMZ5 =El12.5)

FMZ5 IS FOUND

OO0

31 TS =T5%
TSS = TS/{1.+.55#GAM1#FMS*FMS)



c
c
41
c
c
c
63
64
c
65
40
c
C

VS = FMS*#SORT(GAM*R»G=TSS)

PS10= P10/({1.+0.2#FM105FM1D)2%3,5
DELPS = 1.20#PAME®(PL10O-PS10) /P10
PSFAN = PAMy—-DELPS

SPR = PSFAN/PSS

PHI = 0.725#SUYRT(1.-SPR*##AEXP}
DELLIT = 0.00025%*DFT
WLEAK = PIE#DTR*DELLIT*SQRT(G/R)*#PS520.615%PHI/SQRT(TSS)

ZLEAK = WLEAK/ W4
CALL ADIABT(T4,P4,1.04F3,TSP+PSyDHTTI,ETABR)

CHANGES MADE  3~7-69

IF(THARC = (360. — .01)) 63,64,64

ETATLZ = RUS + RUG - 5u#Fl4=UxU»xCODS=SPACE/VS5/ARCL/ALPHSC
ETATLI=U*ETATL2/ABSIDRTITI)/G/FY

GO 10O 55

ETATLL = U=#(RUS + RUG6)/ARS(DHTITII/G/FJ

ETAT = ETATLLI*(1.~ZLEAK)
FLAM = U/(RU5+RU6)

VO = V5/SQRT(ETAN)

FNUSR = U/VU

RETURN
END

$IBFTC TUxeZ

c

OO0

[0}
o

=WN R, OONTTVN N

FERBRUARY 1969
SUBROJTINE  TURB2(T&4,W4,P4,PSS, DFT,DT, FMS,ETAN,
+t3.,FM10,P10,PAMB,

TS54V5+FM5,ALPHS,VZ5,VU5,P5,Us8BETAS,
R54yFMRS5yR6,ETAB,TS64VZ63FMZ6,FMRE,BETAG,
RU6,0MEGA, ALPH6,PE,PS,T6,FMSCAL y WLEAK,
PHI,PS10,SPR,ZLEAK,ETATLIL, ETAT,
FLAM,FNUBR,ETABR

CMs FKSByFKSNy XTALS,

AL5FMEFMIS,PSFAN,REZRUS$ TS, TSS, VO, VUBXIM,

XINGXIP, XIS, ZETAB,ZETAM,ZETAP,
ZETAS,,TSPLDHTTI, CP6yDH4LAEXP,4DTR,
TsHy THARC,CGOSyAR,F14)

STATORLESS TURBINE SINGLE STAGE

MAIN RREFERS T THE CALLING PROGRAM
WFWA3P IN MAIN IS F3 IN TURBDP
FM11 IN MAIWN IS FMLIO IN TURBDP



OO0 0
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10
12

16
1

G = 32.174

FJ = 778.
PIE = 3.1415926
PIE18D = 180./PIE

P11l IN MAIN IS P10 IN TURBDP
PSCHK IN MAIN IS PS IN TURBDP
PS11 IN MAIN IS PS10 IN TURBDP

RE = 264.%W4/DT/VISC(T4)
REXP2 = (RE/1.5E6)#%x,2

XIP = XIALS/REXP2
XIS = FKSN#=XIALS
PS5 = PSS

PS6 = PS5

GASKON = GASCON(F3)

R = GASKON

FM5C = 2.#FJ/R
DLHAC = 2.%Gx*FJ

RHO6C 144 ,.#PS6/R
THE INITIAL M5 VALUE FOLLOWS
FMS5 = 1.
KCT =0
IF(FMDS = 1416497, 7
XIM = D,
GO 10 8
XIM = 0.0075%{FM5%FM5-FM5)
XIN = XIP + XIS + XIM
ETAN = 1l.- XIN
CALL ADIABRTI(T4,P4,ETAN, F3,TS5,P55,DH,ETABR)
GAM GAMMA(TSS,F3,ETABR)

FM5 = SQRT(FM5C#ABS(DH)/TS5/GAM)

IF{KCT-1)9,10,10

KCT =1

FM5SVY = FM5

GO TO 11

IF{ABS(FM5-FM5S5V)-.002)14,14,12

FM5SV = FM5

KCT = KCT+1

IFI{KCT-100)11,11,15
15 WRITE(5,16)

FORMAT { 1H

FM5,FM5SV,ETAN
36H IN SUB TURBDP, FM5 CAN NOT BE FOUND/1H ,
6H FM5 =E12.5+5X,8H FM5SV =E12.5:5X+s7H ETAN =E12.5)

BEGIN STATOR EXIT MACH NUMBER AXIAL COMPONENT FLOW
FMZ5 CALCULATION

89
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90

14

34

42

43
44

60

61
62

CP6= SPHTCPI(TSS5,F3,ETABR)

FMZ6C = GAM=G»R
GAM1 = GAM-].
GAM1l = GAM1/GAM

GAMZ2 = GAM/GAM]

GAM3 = 2./GAM1

GAM4 = (1.-GAM)}/GAM

GAMS = -GAM4

V5 = SQRT{2.%5#FJ*xABS(DH))

P5 = PSS5%#(1.+0.5%{GAM—1.)#FM52FM5) #xGAM2
RHOS = 144.#PS5/TS5/R

FMR5C = SQRT(GAM=G#R#*TS5)
BEGIN FMZ5 COMPUTATION

KMS=0

FMZ35 = FMS

ALPHSC = FMZ5/FM5
ALPH5= ARCOS(ALPH5C)
VI5= V5*ALPHSC

VU5= V5#SIN(ALPHS)

AZS5 = 144.%W4/VI5/RHOS
RUS= VU5-U

BETAS = ATANZ2(RU5,VZ5)
R5 = SQRTI{VZ5*VZI5+RU5%RU5)
FMRa= 5/FMRSC

TGO COMPUTE THE BUCKET EFFICIENCY, ETAB
DELY =2.%BETAS

ZETABC = PIE]180=DELB/100.

ZETABS = 0.025 + 0.034%ZETABC*ZETABC#SQRT(ZETABC)
ZETAP = ZETABS/REXP2

LETAS = FKSB#ZETABS

IF(FMR5-1.) 42+43,43

ZETAM = 0.0

GO TO 44

ZETAM = CMx(FMR5«FMRS5 - FMRS)

JETAB = ZETAP + ZETAS + ZETAM

ETAB = l.— ZETAB

CHANGES MADE 3-7-69

IF(THARC - (360. - .01)) 60,61,61
SPACE = TBH/CUOOS/AR

ARCL PIE#DT«THARC/360.
FKPa l. — SPACE/3./ARCL
R6 = R5#SQRT(ETAB)#FKPA

GO0 10O 62

R6 = R5*SQRT(ETAB)

DLHu = (RS5®R5-R6#R6)/DLHBC
TS6 = TS5+DLHB/CP6

RHO6 = RHO6C/TS6

VZ6 = 144 .%W4/RHO6/ALS
FMZ6S = SQRT(FMZ6C*TS6)
FMZ6 = VZI6/FMZ65



c
c
c
c
52
c
30
32
33
35
C
C
C
31
C
o
41
c
c
c
63
64
c
65
40
c
c

FMR6 = R6/FML6S

RU6 = SQRT(RE6#R6-VZ62V16)
BETA6= ATANZ2(RU6.,VZ6)

VU6 = RU6-U

ALPH6 = ATAN2(VU6,VZ6)

FM6 = FMZ6/COS{ALPH6)

P6 = PSO#(1.+0.5#(GAM=1.)#FME#FM6) #%GAM2
PS = P6

T6 = TS6%(1.+0.5%GAML*FM6*#FM6)

FMSCAL = FMZé6

PS=PSS#(l.+.5#(GAM—1.)=#FMSCAL®#%2)»sGAM2
IF(ABS{FMSCAL-FMS) -.001) 31,31,30

KMS = KMS+1

IF{KMS-100) 32,32,33

FMZ5 = FMZ5#FMS/FMSCAL

GO TO 34

WRITE(6935) FMS,FMSCAL,FMI5
FORMAT(1H , 90H IN SUB. TURB&68,FMZ5 CAN NOT BE FOUND - PROGRAM

1CONTINJES USING THE LAST VALUE OBTAINED/1H ,

6H FMS =E12.5+5Xs THFMSCAL=EL12.5.5X,7TH FMZ5 =E12.5)
FMZS IS FOUND

TS = TS6#(1l. + 0.5#{GAM - 1.)#FMZ6%FMZ6)
TSS = TSé6

VS = FMS*SQRT(GAM®R=G*TSS)

PS10= P10/{(1.+0.,2%#FM10*FM1Q)»=3.,5

DELPS = 1.20=PAMB#(P10-PS10)/P10

PSFAN = PAMB-DELPS

SPR = PSFAN/PSS

PHI = D.925#SURT(1l.-SPR##AEXP)
DELLIT = 0.00025#DFT
WLEAK = PIE*DTR*DELLIT#SORT(G/R)#PS5%#0.615#PHI/SQRT(TSS)

ZLEAK = WLEAK/W4
CALL ADIABT(T43P441.0,F3,TSP,PS,DHTTI,ETABR)

CHANGES MADE 3-7-69

IF(THARC ~ (360. = .01)) 63,644,064

ETATL2 = RUS5 + RU6 - 5#Fl4»UnUxCODS*SPACE/VS/ARCL/ALPHSC
ETATLI=U=ETATL2/ABS(DHTTI)/G/FJ

GO TO 65

ETATL1 = U= (RUS + RU6)/ABSIDHTTIV/G/FJ

ETAT = ETATL1#(1l.-ZLEAK)
FLAM = U/ (RUS+RU6)

VO = V5/SQRT{ETAN)

FNUBR = U/VOD

RETURN
END

91
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15

SUBXDJTINE TURB3 (T4 ,W44P44PSS, DFT, FMS,ETAN,
F3+.FM1C,P10, PAMB,FKS,SWID,FNSML,
ETABR,FK,

ALPHS . ALPH6,ALPHT,ALPHB8,AZ5,A2Z7,AZ8,A1S,
RETAS,RETA6,BETA7,BETAB8,CP6,LP8,DELBTL,
DELBT2,DHN1,yDHN2,DLHRL1,DLHB2,DT,ETAB1,
FTAB2,CTANL,ETAN2,ETAT,ETATLL,

FKMyFXKML ,FKM2,FM5,FM6,FMT7,FM8,FMR5,
FMRO,FMRT4FMRB, FMZ5,FMZ5SV,FML6,FMZT,
FMZ7SV,FMI3,GAM5,GAME,GAMEB,P5,P6,
P7T+PByPHI +PS,PS54PS64PST+PS3,PS103,R5,R6,R7,
R8s RHOS54RHO6,RHOT7,RHO8,RU5,RU6,RUT,

RUB +» SHP 4 SPR,

T64 T8y TSsTSS, TSPy TS5,TS56,T757,TS8,U,
V5,V7,VS, VU5, VU6,VUT,VUB,VIB,VI5,
VI6+VIT4VISsWIDEAL yWLEAK, XIBET1,
XIBET2.ZLEAK,

8 OMEGALCMyFKSB,FKSNy XTALS, TRM,XIAL6,CCM,FLLC,Z1IL)

~NCUVMPHPWNPFRF OOV PN

TWO STAGE TURBINE WITH oGV

G= 32.174

FJ = 778.

PIE = 3.141592¢6

PIELIB8D = 180./PIE

FKS1 = FKS

FKS? = FKS1

R = GASCONI(F3)

RGG = G5=R

ETA4NC1 = (l. +FKSS)» XIALP
PS5 = FLLC#SQRT(P4=PAMB)
RHOSC = 144, #*PS5/R
DLHAC = 2.#G#FJ

Walh = 144 .%W&
AZSC = Re=W4/PSS
FM5 = FMS

STARTING VALUES FOR FMZ5 AND FMZ7

RE4 = 24.,%W4/DT/VISC(T4)
REXP2 = [(RE4/1.5E6)##,2

XIP4 = XTALS/REXPZ2
XIS4 = FKSN=#XIALS
KCT =0

BEGIN FM5 AND ETAN COMPUTATION

ETA~N]1 = ETAN

CALL ADIABT(T44P4,ETANLyF3,TS5,PS5,DHNL,ETABR)
DHNL = ABS(DHN1)}

V5 = SORT(DLHBC#*DHNL)

GAMS = GAMMA (TS5,F3,ETABR)

FM5SV = FM5

FM5 = V5/SORT(GAMS5%#GGxTS5)

IF(ABS(FM5SV-FM5) -.002) 12,12,13



eXeEalal

OO0

12

42

52

53
S4

KCT =
IF(KCT
WRITE(

FORMAT{1H,5UHIN TURB2 AT STATEMENT NO. 13, FM5 CAN NOT BE FOUND/

KCT+1

5,17)

FM5,FM55V,ETAN,ETANL

5H FM5=E12.5,5Xs7H FM5SV=E12.5,5X+6H ETAN=E12.5,
5Xy8H ETAN1 =E12.5)

GO 70 12

IF(FM5-1,16.7,7

XIM4 = 0.

GO TO 8

XIM4 = ,0075={FM5#F5 - FM5)
XIN4g = XIP4 + XIS4+ XIM4

ETANL = 1. - XIN4

GO 70 15

GAM51 = GAM5-1.

GAMS52 = GAM5/GAMS1

COMPUTE STARTING VALUES

FOR FMZ5 AND FMZ7 COMPUTATIONS
FMZ5 = FMS#CCM

FMZ7 = FMZ5

FMSCAL = O

KMS =0

BEGINNING OF THE FMZ5 AND

FMZ7 CIOMPUTATIONS

FMZ505 = FMZ5/FM5

ALPHS = ARCOS(FMZ505})

Vi5= v5 #FMZ505

VUS = V5 # SORT(1.-FMZ505%#FMZ505)
P5 = PS5 #{le+.5#GAMS51*#FMS2xFM5) #2GAMS2
RHO5 = RHOSC/TS5

AZ5 = W&414/VIS5/RHO5

RU5 = vU5 -U

BETAS5= ATANZ2(RU5,VZ5)

R5 = SIRT(VZIS#YZIS+RUS=RUS)
FMR5 = R5/SQRT(GAM5%RGG*#TS5)
DELBT1 = 2.#BETAS

ZETABC = PIE180%#DELBT1/100.
ZETABS = 0.025 + .034%7ETABC®*ZETABC*SQRT{ZETABC)
ZETAP = ZETABS/REXP2

LETAS = FKSB*ZETABS

IF(FMR5 -1.) 52,53,53

LETAM = 0.0

GO TD 54

ZETAM = CM®#(FMR5=2FMR5 — FMR5)
ZETABYL = ZETAP + ZETAS + ZETAM
ETABlL = 1. - ZETAB1

R6 = R5*SQRT(ETABL)

DLHB1 =(R5#R5-R6#R6)/DLHEC

CpPo6 SPHTCP(TS5,F3,ETABR)

TS6
PSé6
AZ6
RHO6 =

v

imnun

TS5 + DLHBL1/CP6

w
1821

AZS

144,#PS6/R/TS6

93




V6 = W414/RHO6/AZ6
GAM5 = GAMMA(TS6,F3,ETABR)
GAM51 = GAM6-1.

GAM62 = 0.5%GAM61

CAM63= GAM6/GAMS]L
FMZ6S5Q=SQRTIGAME6E=RGG=#TS6)
FMZ6= VI6/FMZ6SQ

FMR6 = R6/FMZ6SQ

RU6 = SQRT({R6#R6-VZI6#VI6H)
BETAS6 = ATANZ2(RU6,VZI6)

VU6 = RUs6-U

ALPH6 = ATANZ({VUG6,VZI6)

FM6 = FMZ6#S5SQRT{IVU6G*VUG+VIE®VI6)/VLI6
T6 = TS6*(1.+GAMO2#FM6%FME)

P6 = PS6#{1.+GAM62#FM6+FM6) #2GAM63
PS7 =PSS

FMT7 = FMS

ETAN2 = ETAN

VISCT6 = VISCI(T6)
RE6 = 24.%W4/(VISCT6=DT#TRM)

REXP6 = (RE6/1.5E6)##.2
XIPs = XIALG6/REXPS

XISH6 = FKSN=XIALG6

KCT =2

26 CALL ADIABT(T6,P6,ETAN2,F3,TS7,PST7T,DHN2,ETABR)
DHNZ2 = ABS{DHNZ2)
GAM7 = GAMMA(TS7,F3; ETABR)
V7 = SQRTI(DLHBC#DHN2)
FM7Sv = FM7
FM7 = V7/SQRT(RGG*GAMT=#TST)
IF{ABS(FM7-FM7SV) -.002) 21,21,22
22 IF{KCT-100) 23,23,24
23 IF(FM7-1.) 55456,56
55 XIM6 = 0.0
GO TO 57
56 XIMs = ,0075«(FM7=FM7 -~ FMT)
57 XIN2 = XIP6+ XIS6 + XIM6
ETANZ = l.- XINZ

GO TO 26
24 WRITE (6,25) FMT7.,FMTSV,ETANZ .GAMT
25 FORMAT{1H , S5HFMT =E12.5,5X,8H FM7SV =E12.5,5X,8H ETANZ2 =E12.5,
1 5Xs6H GAMT=E12.5)
21 GAMT1=34aMT7-1.
GAM72=0.5=GAMT1
FK=GAM7
GAMT73=GAM7/GAMT1
FMZIC = FMZT7/FMT
ALPHT = ARCOS(FMZTC)
VZ7 = V7=FMZ7C
VUT=V7#SQRT(1.-FMZTC=+2)
P7 = PST#(1,+GAMT24#FMT#FMT) =2GAMT3
RHO7= 144.=#PST/R/TS7
AZT7 = Wal&/VIT/RHOT
Uz = TIM=U
RU7 = VU7-U2
BETA7T = ATANZ2(RUT,.VZIT7)



R7=SQRT(VZT=VZIT+RUT%RUT)
FMR7 = R7/SQRT(GAM7#RGG=TST)

DELBTZ2 = 2.#BETAT
ZETABC = PIE180#DELBT2/100.
LETABS = 0.025 + 0.034%#ZETABC#ZETABC*SQRT(ZETABC)

ZETAP = ZETABS/REXPS6

ZETAS = FKSB=*ZETABS
IF(FMR7-1.) 58,459,59

ZETAM = 0.0

GO TO 50

LETAM = CM*(FMR72FMR7 - FMR7)
ZETAB2 = ZETAP + ZETAS + ZETAM
ETAB2 = 1l.- ZETABZ2

R8 = R7*SQRT(ETAB2)
DLHB2 = (R7#R7 —-R8=R8)/DLHBC

CP8 = SPHTCP{YST,F3,ETABR)
TS8 = TS7+DLHB2/CP8

PS8 = PSY

RHOB8 = 144. =#pS8/R/TS8
AlB = AZ7

VI8 = W&14/RHO8BsAZ8

GAM8 = GAMMA(TS8,F3,ETABR)
GAM81 = GAMS-1.

GAMB2 = 0.5#%GAM81

GAM83 = GAMB/GAMS8]

GAM84 = GAM31/GAMS

FMZBC = SQRT(GAMB*RGG=TS8)
FMZ8 = VZI8/FMZ8C

FMR8 = RB8/FMZ8C

RUB= SQRT(RB8#*R8-VZIB*VZ8)

BETAB = ATAN2(RU8,VZ8)

vVU8=RUB-U2

T8=TSB%(1.+GAM82#FMB*FM8)

ALPH8 = ATAN2(VU8,VZ8)

FM8 = FMZ8=2SQRT{VUB=VUB+VZ8=VI8)/VZ8
P8 = PS8x{l.+ GAMB2#FM8=#FMB) *#GAMB3

DELALP = PIE180%#ABS{ALPHS8)

DLALPC = DELALP/100.

ZETAAS = 0.025 + 0.034%DLALPC=DLALPC=SQRT(DLALPC)
ZETASS = ZETAAS=(1./REXP6 + FKSB)

OMEGA = ZETASS#{1.0+0.5%GAMB=FMS+#FMS)

PS = P8 - OMEGA=#{P8-PS8)

T8 = TS8#(l.+GAMB2%FM8=FM8B)

TS=T78

FMSCAL=SQRT(2./GAMBL1*((PS/PSS)»#GAM84 —1.))

DEBUG AZ8,VZ8,GAMB,GAM84,FMZ8C,FMZ8,RUB8,BETA8,VU8,T8B,ALPH8,FMB,P8,
XIP,WSBAR,PS,T8,TS,FMSCAL

IF(ABS{FMS -FMSCAL) -.001) 40,40,41

KMS = KMS+1

[F(KMS-100) 45,45,43

FMZ7Sv = FMZ7

FMZ5SV = FMZ5

FMZ5 = FMZ5#FMS/FMSCAL

FMZ7 = FMZ15

FMSCAL = FMS

GO 7O &2

95




43 WRITE (64+44) FMS,FMSCAL,FMZ5S
44 FORMAT(IH ,48H IN TURRZ2 AT STATE. NO. 41, FMS CAN NOT BE FOUND/

OO0

1 IH ,5H FMS=E12.5,5X,9H FMSCAL =&12.5,5X,
2 6H FMZ5=E12.5)
END OF FMS CUOMPUTATION
40 TSS=7S/(l.+GAMB2=FMS®FMS)
VS= FMS#SQRT{GAMB=RGG=TSS)
VZS=VS
AZS= AZSC=TSS/VS
DTR=XIBETZ2
P10=P13
FM1)=FMv10
PS1u= P1lO/(1.+0.22FM10=#FM]1Q) 23,5
PS11)=PS10
DELPS = 1,20#PAaM3%(P10-PS10) /P10
PSFAN = PAMB-DFLPS
SPR = PSFAN/PSS
AEXP=XIBET!
PHI = 0.925#SURT{1.-SPR=#AFXP)
OELLIT = 0.90025=DFT
WLEAK = PIE#DTR=DELLIT#SQRTIG/R)#PSS#0.615#PHI/SQRT(TISS)

ZLEAK = WLEAK/wW4
CALL ADIABT(T4,P4,1.0,F3,TSP, PS s DH4S,ETABR)
DH4S = ABS({DH4S)
WIDEAL = W4&#DH4S
SHP=U# {RUS+RUG6+TRM# (1. —Z 1L )= (RUTHRUB) ) #W&/ (52FJ)
ETATL1= SHP/WIDEAL
ETAT = ETATL1#(1l.-ZLEAK)
46 RETURN
END

$IBFTC TU?B4

SUBRNUTINF  TURB4(T4, W4, P4,PSS, DFT,DT, FMS,ETAN,
F3,FM10,P10,PAMA;

TS5,V5,FM5,ALPHS5,VZ5,VUS5:P5,U,BETAS,
R54FMRY,R6,FETAB,TS6,VZ6,FMZ6,FMR6,BETAL,
RJI6MIMEGA, ALPHOsP64PS,T6,FMSCAL, WLEAK,
PHI»PS10,SPR,ZLEAK,ETATLL, ETAT,
FLAM,FNUBR,ETABR,
CM, FKSB3, FKSN, X[ ALS,CCM,
AZ5,FM6,FMZ5,PSFANLRE,RUS, TS, TSS,VO,VU6+ XM,
XINyXIPy XISy ZETAAS,ZETAB,ZETAM,ZETAP,ZETASS,
LETAS, TSP, DHTTI, CP6,DH, AEXP,DTR,

TBH, THARC,CGOS ;AR, F14)

HWNOH OO~ PWN

MAIN REFERS TO THE CALLING PROGRAM
WwFWA3P IN MAIN IS F3 IN TURSBDP

FMLL IN MAIN IS FM10 IN TURBDP

PL1 IN MAIN IS P10 IN TURBDP

aNeNoNeNaNaNel

e
(o>}
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95
101

@ ~J

10
12

15
16

PSCHK IN MAIN IS PS IN TURBDP
PSL1 IN ™MAIN IS PS10 IN TURBDP

G = 32.174
FJ = T778.
SIGS=1.2

PIE = 3.1415926
PIEL8D = 180./PIE

RE = 24.5W4/01/VISC(T4)
REXP2 = {(RE/1.,5E6)%2.2

XIP = XIALS/REXPZ
XIS = FKSN#XTALS
PS5 = PSS
PSé6 = PS5

GASKON = GASCUNI(F3)
R = GASKON

FM5C = 2.#FJ/R
DLHBC = 2.*G=FJ

RHO6C 144.#PS6/R
THE INITIAL M5 VALUE FOLLOWS
FM5 = 1.
KSD=1
SD=.3
KMS=0
FMZ5 = FMS*CCM
KCT = 2
IF(FMS - 10)6’717
XIM = 0,
GO TO 38
XIM = J3.0075#(FM5#FM5-FM5)
XIN = XIP + XIS + XIM

ETAN = l.— XIN

CALL ADIABT(T4,P44+ETAN, F3,TS5:PS5,DH,ETABR)
GAM SAMMA(TSS,F3,ETABR)
FM5 SQRT(FM5C#ABS(DH)/TS5/GAM)

IF(KCT-1)9,10,190

KCT =1

FM55V = FM5

GO 1O 11
IF(ABS({FM5-FM55V)-.002)14,14412
FM5SV = FM5

KCT = KCT+1
IF(KCT-100)11+11,+15
WRITE(5,16) FM5,FM5SV,ETAN

FORMAT(1H , 36H IN SU8 TURBDP, FM5 CAN NOT BE FOUND/1H .,
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OO0

98

14

34

42

43
44

60

61
62

6H FM5 =E12,5+5X,8H FM5SV =E12.5,5X,7H ETAN =E12.5)

BEGIN STATOR EXIT MACH NUMBER AXIAL COMPONENT FLOW

FMZ5 CALCULATION
CP6= SPHTCP(TS5,F3,ETABR)
FMZ6C = GAM=G=R

GAM1l = GAM-1.
GAM1l = GAMI1/GAM

GAM2 = GAM/GAML

GAM3 = 2./GAM1

GAM4 = (1.-GAM)/GAM

GAMS = —-GAM4

V5 = SQRT(2.=2G=FJ*A3S{DH))

P5 = PSS#(1.+0.5#{GAM-1.)=2FMS5aFM5) #xGAM2
RHOS5 = 144.#PS5/TS5/R

FMR3C = SQRT(GAM=G=*R=#TS5)
BEGIN FMZ5 COMPUTATION

ALPHSC = FM.ZS5/FM5

ALPHS5= ARCOS(ALPH5C)

VI5= V5=ALPH5C

VU5= V5eSIN{ALPHS)

AZ5 = 164.%W4/NZ5/RH05
RU5= vU5=-U

8ETAS = ATAN2(RU5,VZ5)

R5 = SQRT{VI5*VI5+RU5=RUS5)
FMR5= R5/FMR5C

TO COMPUTE THE BUCKET EFFICIENCY, ETAB

DELE =2.=#BETAS

ZETABT PIE1BO=DELB/100Q.

ZETABS 0.025 + 0.034=ZFTABC#ZETABC=SQRT{ZETABC)
ZETAP = ZETABS/REXP2

ZETAS = FKSB#ZETABS

IF(FMR5-1.) 42,43,43

ZETAM = 0.0

GO TO 44

IETAM = CM®(FMR5#FMRS5 — FMR5)

ZETAB = ZETAP + ZETAS + ZETAM

ETAB = l.- ZETAB

[F(THARC - (360. — .01)) 60+61,61
SPACE = TBH/COOS/AR

ARCL = PIE*DT=THARC/369.

FKPA = 1. - SPACE/3./ARCL

R6 = RS#SQRT(ETAB)®#FKPA

GO TO 52

R6 = R5*SQRT(ETAB)

DLH3 = (R5#R5-R6%R6)/DLHAC
TS6 = TS5+DLHB/CP6

RHO&6 = RHO6C/TS6

VZ6 = l44.%W&/RHD6/AZ5
FMZ6S = SORT{FMZ6C=TS6)



[aNeNe!

51
52

30

32
33
35

31
80

81

90

41

FMZo VZ6/FML6S

FMR& R6/FMZ6S

RU6 = >QRT(R6%R6-VZI6%VZ6)
BETA6= ATANZ2(RU6,VI6)

VU6 = RU6-U

ALPHO6 = ATAN2(VU6,VZ6})
OMEGA=.008=SIGS=#EXP(3.7%#SD)/COS{ALPHS6)
FM6 = FMZ6/COS(ALPHS)

P6 = PS6#{1.+0.5%#(GAM~1.)#FM6#FME) x2GAM2
PS = P5-OMEGA*{P6-PS6)
T6 = TS6#(1.+0.5%GAM1 #FM6%FM6)

V6=3SQRT(VUL##2+V/6%%2)
VS=V6x[1.-SD+SIN(ALPH6)/2./S1IGS)
IFIKMS.EQ.0) TSS=TS6
FMSCAL=VS/SQRT({GAM=32 1 T7T#R#TSS)

TS=T6

TSS=TS/(1.+GAM1/2 . #FMS#*2)
PSSN=PS/{1.+{GAM=1,)/2.%FMS=#2)}22GAM2
PS5=PS5#14,7/PSSN

PS6=PS5

IF(ABS{PSSN-14.7).LT..01) GO TO 31
PSS=PSSN

KMS = KMS+1

IF{KM5-100) 32,32,33

GO TO 101

WRITE(5,35) FMS,FMSCAL,FMZS

FORMAT(IH o 90H IN SUB. TURB68,FMZ5 CAN NOT BE FOUND - PROGRAM

LCONTINUES USING THE LAST VALUE OBTAINED/1H ,

6H FMS =E12.5+5Xe THFMSCAL=E12.5,5X,7H FMZ5 =E12.5)
FMZ5 IS FOUND

GO TO (80,+81,90)4KSD

FMS1=F4SCAL

SD1=SD

SD=.6

KSD=2

GO 10 35

FMS2=FMSCAL

SD2=5D

KSD=3
SD=(SD2-SD1)/(FMS2-FMS1}*(FMS-FMS1)+SD1
GO T0O 95

CONTINUE

DEBUG FMS,FMSCAL,SD,PSS,PS5,VS

TS=T6

PS10= PlO/(1l.+0.22FM10=#FM10)=%3,5

DELPS = 1.20*#PAMB=(P10-PS101}/P10

PSFAN = PAMB-DELPS

SPR = PSFAN/PSS

IF(SPR.GT.1.) SPR=1.

PHI = J3.925#SQRT({1.-SPR=*AEXP)

DELLIT = 0.00025#DFT

WLEAK = PIEC«DTR#=DELLIT#SQRT{G/R)*PS5%0.615%#PHI/SQRT(TS5)
ZLEAK = WLEAK/W4

CALL ADIABT(T4,P4,1.0,F3,TSP+PS,DHTTI,ETABR)

IF(THARC - (360. — «01)) 63,64,64
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63

64
c

65

40
c
C

ETATLZ2

GO 10 5
ETATLL

ETAT
FLA

FNU2ZR =

RETURN
END

SIBFTC HAPLT

C

100

1

1
2

3

1

1

‘N

RU> + RU6 -
ETATLL=U*ETATL2/ABS(DHTTI)Y/G/FJ

WS#F14xUsUsCONS=#SPACE/VS5/ARCL/ALPHSC

Us{RUS + RUG)I/ABRS(DHTTI)/G/FJ

ETATLLI*{1.-7LEAK)
U/ (RUS+RUS)

VO = V5/SQRT(ETAN)

U/vu

SUBROJTINE HALPLT(JFMS,FMSJ,ALPH5J,DTTJ,FMR5J, TBHJ,W1CMP,
VLJJJ»FPR,T1,T4,UFT,P1,ITURR)

COMMON/CLPLOT/XPEN,YPEN, NX o NY, IPEN, XLABFL(10),YLABEL(10)

DATA BIDX/6HSTATOR,5H EXIT

3CDY/6HPARA.

LABEL/6HALPHS , 6HDTT
5HVL

/

+ 6HMACH N4+6HD., MS/,

y 6HRATIO, , 6H BASE ,6HPT. MS,6H = 0.5/,

» 6HMR S +6HTBH s 6HW1 '

DATA NAM1/SHFPR = /,NAM2/6H T1
NAM5/6H Pl = /,

/ +NAM3/6H T4 = /,NAM4/6HUFT
NAMT/6HITURB=/

DIMENSTION ALPH®J(102),DTTJ(100),FMR5J(100),TBHJI(100),
VLJJS (100}, WICMP( 100} ,FMSJ(100)
YJ(100).BCDX{4)+BCOY(5),LABEL(6)

DIMINSTON

CALL IDENT
CALL PLOT{0.5.5,—-3)

FITURB
DX = .2
XMI i =
FLOMGX
YMI~N =
DY = .1
FLONGY
YHIGH =

5

ITURSB

FMSJ(1) - DX

ABS{FMSJ(JFMS)

«8

8.
.1

TO DRAW THE X

AXIS

- FMSJ(L1))/DX + 1.

CALL AXIS(74304,8BCDXy—24,FLONGX,0.0:XMIN:DX»1U.)

TO DRAW Y AXIS

CALL AXIS{0.,0.,8CDY, 30,FLONGY,90.,YMIN,DY,»10.)

TO DRAW GRID

LINES

/s



63 ETATLZ2 = RU5 + RUb6 - S#F1l4xUsU=CONS*SPACE/V5/ARCL/ALPHSC
ETAIL1I=U=ETATL2/ABS(DHTTI)/G/FJ

GO TO 65
64 ETATLY = U#(RU5S + RUG6)I/ABSI(DHTTI)/G/FJ

c
65 ETAT = ETATL1#(1.-ZLEAK)
FLAM = U/ ({RUS5+RUb6)
VO = V5/SQRT(ETAN)
40 FNUBR = U/ViU
c
c
RETURN
END

SIBFTC HAPLT

c
SUBROJTINE HALPLT(JFMS,FMSJ,ALPH5J,DTTJ,FMR5J,TBHI,WICMP,
1 VLJJJIsFPRyT1yT4»UFT,P1,ITURR)
C
COMMON/CLPLUT/XPEN,YPENyNXyNY, IPEN, XLABEL(10),YLABEL{10)
c
DATA BIOX/6HSTATOR,6H EXIT 4 6HMACH N,6HO., MS/,
1 BCDY/6HPARA, , 6HRATIO, y6H BASE ,6HPT. MS,6H = 0.5/,
2 LABEL/6HALPHS L, 6HDTT v 6HMRS5 2+ 6HTBH +6HWI v
3 S5HVL /
c
DATA NAML/6HFPR = /,NAM2/6H T1 = /,NAM3/6H T4 = /,MNAM4/O6HUFT = /,
1 NAM5/6H P1 = /. NAMT/6HITURB=/
C
DIMENSIDN ALPHS5J(1020),0TTJ4(100),FMR5J(100),TBHJ(100),
1 VLJJJ(100), WICMP(100),FMSJ(100}
DIMINSION YJ(100),BCDX{4),BCDY(5),LABEL(6)
c
CALL IDENT
CALL PLOT(Os94549-3)
c
FITURB = ITURSB
DX = .35
XMI# = FMSJ(1l) - DX
FLONGX = ABS(FMSJ(JFMS) - FMSJ(1))/DX + 1.
YMI~N = .8
DY = .1
FLONGY = 8.
YHIGH = .1
c
C TO DRAW THE X AXIS
CALL AXIS(D430¢9BCNXy—24,FLONGX,0.0+XMINyDXy1lUe)
c
c TO DRAW Y AXIS
c
CALL AXIS{0ey0.,8CDY,30+FLONGY+30.+YMIN,DY,»10.)
C
c TO DRAW GRID LINES
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OO0

s NeXeRaNp]

(@]

60

62

31
36

32
37

33
38

34
39

35
40

30
300

46

47

48

49

FLGXX = FLONGX + +1#FLONGX
JLOMGX = IFIX(FLGXX)

X D.

DO 60 J=1,JLONGX

X =X + 1.

CALL PLOT(Xy0.,3)

CALL PLOT{X,FLONGY,2)
FLGYY = FLONGY + .1%#FLONGY
JLONGY = IFIX{FLGYY)

Y = 0.

It

DI 62 J=1,JLONGY
Y =Y + 1.
CALL PLOT(Q.,Y,3)
CALL PLOT(FLONGXsY»2)

GRID LINES ARE DRAwWN

TO DRAW THE FIVE LINE PLOTS

DO 300 JJ=1.5
GO TO (31432+,33+434435),J3

CO 36 J=1,JFMS
YJ(J4) = ALPH5J4(J)

GO 1N 30

DO 37 J=1,JFMS
YJOJ)y = DTTU(I)
GO TO 30

DO 38 J=1,JFMS
YJ(J) = FMR5J(J)
GO 170 30

DO 39 J=1,JFMS
YJ(J) = TBHJ(J)
GO TO 30

DG 40 J=1,JFMS

YJ(J) = WICMP(J)

GO 10 30

DUMY = DUMY

CALL LINE(FMSJyYJyJFMS,41,0,14XMIN,DX,YMIN+DY)

LINE PLOTS ARE DRAWN
TO LABEL CURVES
X = (FMSJ(1) - XMIN)/DX/2.

DO 45 JJ=1,5

GO TO (464474748+149,50),J4
Y = ALPHS5J(1)

GO TO 51

Y = DITJ(1)

GO 10 51

Y = FMR5J(1)

GO TO 51

Y = TBHJ(1)

GO 10 51
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O OO0

50 ¥ =
GO T0 51

12
51

45

Y =
DuUMY
Y =
CALL

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

CALL

WLCMP(1)

VLJJJ{1)

= DUMY
(y - YMIN)/DY + .1
SYMBOL(XsY,YHIGH,LABEL{JJ),0.0,6)

TO DRAW LEGEND PLOT
TO MOVE TO NEW PLOT TO WRITE LEGEND

PLOT(104,04,-3)

SYMBOL (04099404 415:NAML40.0+61)
NUMBER(1405¢49404.15,FPR,0.0,43)
SYMBOL(0D.098475915:NAM2,0.0,46)
NJMBER(1.0598.7545.155T150.0,3)
SYMBOL(0.0s8.50s.154+NAM3,0.0,6)
NUMBER(1405,8.50,.15¢T45,0.043)
SYMBOL(0e0s84255415yNAM4,0.0,6)
NIMBER(1.0578¢2545415,UFT40.0,31}
SYMBOL(O.O' 8.00' .151NAM5’0-016)
NUMBER(1405+84004+4155sP150.0+6)
SYMBOL(0.0374754.15yNAM7,5,0.0,46)
NIJMBER(140597e753+15yFITURB,0.0,46)

PLOT(104+0e+=3})

RETURN

END

$IBFTC SFALSE

sNeReREalgleNelaNsNalalsNelgNalgNaloNeNaNal e

102

SUBROUTINE FALSE(X,Y,CNVTST,J,KCOUNT)

TO FIND X  BY THE METHOO 0OF FALSE POSITION SUCH THAT
FI(X) =Y =20

CCC REFERS TO WHAT MUST BE DONE IN CALLING PROG.

COVTST IS THE CONVERGENCE CRITERION AND IS
COMPUTED IN THE CALLING PROGRAM
THE CONDITION ABS(Y) LESS THAN COVTST
MUST BE MET

Y IS ALWAYS COMPUTED IN THE CALLING PROG.
TO BE USED IN FALSE

J IS AN INDICATCR
J MUST BE INITIALLY SET EQUAL TO -1 IN THE
CALLING PROGRAM

J = 0,1,2 ARE SET IN FALSE




TSR

OO0 00

()}
O
O

-

10

15

20
21

22

23

18
16

17

30

J = -1 MEANS X = XFIRST IS BEING USED IN FALSE

J = 0 MEANS X = XSECOND IS BEING USED IN FALSE

J =1 MEANS X IS TO BE COMPUTED I[N FALSE AND
RETURNED TO MAIN

J = 2 IS A FLAG SENT TO THE CALLING PROGRAM SAYING

WE HAVE CONVERGENCE
IN THE CALLINSG PROGRAM,TWO READ IN X INITIAL GUESS ARE
NEEDED, XFIRST AND XSECOND. THESE TWO GUESSES
ARE USED OMLY IN THE CALLING PROG.

IN THE CALLING PROG.

IF J =-1 , SET X = XFIRST

IF 4 =03 4, SET X = XSECOND

IF J =1 , USE THE X FROM FALSE
IF 4 =2 , STOP. X IS FOUND

KCOUNT IS ONLY USED IN FALSE. IT IS IN THE CALLING VECTOR
TO TELL THE CALLING PROG. HOW MANY INTERATIONS WERE
NEEDED

IF(J)10,15,20

KCOUNT = O
GO 7O 40

X2
Y2
J =1

GO TO 30

X
Y

IF(ABS{Y) - COVTIST) 21,21,22
J =2
GO TO 40

KCOUNT = KCOUNT + 1
IF(KCOUNT- 200)18,18,23
WRITE(H54+24) XsY,COVTST
J =2

GO TO 40

IF(ABS(Y1) —ABS(Y2))16,16,17

Y2 =Y
X2 = X
GO TO 30
Yl = Y
Xl =X

X = X2 = ¥2%(X2-X1)/(Y¥2-Y1)
GO TO 40
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24

40

FORMAT(IH ,50H IN THE FALSE POSITION ROUTINE, KCOUNT IS EXCEEDFD/
4H X =E12.5,5X,4H ¥ =€12.5+45X,9H COVTST =E12.5)

RETURN
END

$IBFTC TFROS

c
C
c
C
C
C
c

7

11

12

30

FUNCTION TFROMS(S,F, ETABR)

TO SOLVE FCR TA BY THE FALSE POSITION METHOD
TO GET A FIRST APPROXIMATION FOR TA

SF = F*ETABR/(l.+F)

FTATST =.0901%A8S(S)

TA = POLY(S,8)

PHIMS = POLY(TA,2) + SF#POLY{TA:5)
PHIA = POLY(TA,2)#{S/PHIMS)*=%],2
TAl= PIOLYI(PHIA,8)

bEGIN FALSE POSITION METHOD

TAZ2 = TAl + .02%TAl

JFALSE = -1

IF(JFALSE) 1141249

TA = TAl

G 10 9

TA = TA2

FTA = POLY(TA,2) + SF=POLY(TA,5) - S
CALL FALSE(TA,FTA,FTATST,JFALSEWK)
IF (JFALSE-1)7+9,+30

TEROMS = TA

RETURN

END

$IBFTC TFR0H

[aEeaNaNel

104

FUNCTION TFROMH{HM,F o, ETABR)

TO SOLVE FOR TA 8Y THE FALSE POSITION METHOD
TD GET A FIRST APPROXIMATION FDR TA

SF = F*ETABR/(1l.+F)
FTATST =.0001%*ABS{HM)
HA= HM

TA= POLY(HA,T)

PSIii = POLY(TA,4)

HMSTR = HA + SF=PSIH

HA = HA* (HM/HMSTR)#x1.2




.|

[ [

o0

30

TA1l = POLY(HA,T)
BEGIN FALSE POSITION METHOD

TA2= TAl+.,02#TAl

JFALSE = -1

IF(JFALSE) 11,12,9

TA = TaAl

GO 10 9

TA = TA2

FTA = POLY(TA,1) + SF*POLY(TA,4) - HM
CALL FALSE(TA,FTA,FTATST,JFALSESK)
IF(JFALSE- 1)7,49,30

TFROMH = TA

RETURN

END

$IBFTC POLYA

10

12

13

15
16

FUNCTII3N POLY (X M)

CIMENSTION TICC(8),I0RD{(8),C(300)

DATA(ICC(I),1=148)/133,146+161:174,187.200+209,226/

DATA(IDRD([),I=118)/4'51414)4121616/

DATA(C(I) s I=133+4242)/7100.+107:261642.49T5E~1,-2.2658E-5,
11.96075E~8,-3.675E-12,2000.9116.4844.209610,42.554713E-5,-3.338588E
2-9,1eB843E-13,6000e+s100,4+1.14506+1.49413E-3,-1.79831E-6,1.39476E-9
39-5.8514E-13,1.0156E-1641400491.42938,4.437122E~4,-1.48918E~-7.
43.462TF=11+-4.513E-1542.475-19,6000.510049.25232+-5.44152E-5,
57.06R2F-8,-2.U17T1E-11,-5.1E-16,1400.,.186198.0148E~5,-2.3278E-8,
63.41635E-12,-1.989F-16+600045100.+957.028+~-1.397247E-2,2.728083E~4
T9~T874997E~8,1.131184F~11,2000.4989.0299,2.421058E—-2,1.719862t~4»
8-2.13151E-8,1.027056E-12,60004+y100.9-42243363,4.84T768E~4,-7,184546E
9-8,~4e3150085~12,3.134744E-15,2000,9-4.,08976115.504657TE-3,-2.445669
A9E=644e899351E-10+-3.617383E-14,6000.4+4100443.986078E-2+3.562965E-%
By~6.512821E-8,2000.42063979,1.764343E-4,-1.6831376-8,6000.+100.+
C~62.685516,-6.9221196F-1,1.9220060E-2,-1.134561L1E-59-9.83608T0E-8,
D2.2458196E-10,~1.4509678E-13,6144,1946.1462,-8.519508642.62251T4E~
E2+~2.5543759F-5,1.14T79667E-8,-6.4275539E-13,-6.082041E-16,2000.,
F1.4,415.37¥02.58.865753'“312.50006116.528755y—29.769562v5.6792908-
G53.206712,1.93384,553.849765123.43567,-174.32129,22.184326,-104,70
HB23,-643,322374,82.938049,2.3/

J=TABS (M)

K=ICC(J)

L=I0RD{J)+2

IF{X-C(K))12,13,13

K=K~-L

GO 70 11

K=K+L

IF(X-C(K}) 15,15,13

IF(m) 20,16,16

L=L-1

POLY=0({K-1)

DO 17 N=2.,L

KN = K-N
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17 POLY=PILY*X+C{KN)
GO 1O 22
20 L=L-2
POLY=FLOAT(L)=C(K-1)
DO 21 N=2,L
KN=K~N
LN=L=-N+1
21 POLY=POLY#*X+FLOAT(LN)=C(KN)
22 RETURN
END

$IBFTC FM3S

c
FUNCTIJON FMM{F3,G3+,5)

TO SOLVE AN FQUA. IN FM3 BY NEWTON®S METHOD

OO0

J=0

(@]

S = 2.0%({G3-1.)/(G3+1.)
Sl 1./5

F1l {(F3/SQRT(G#G3) ) »=5
F2 Je5%(G3-1.)%F1

= (Fl+.25#F2)#%S1

inonon

>

10 XS = X=x=S§

F = F1 +F2%X%2X -XS

DF = 2.#F2%X -~ S#XS/X

XSV = X 3
11 X = X -F/DF

IF({ «JJ1#ABS(XS) - ABS(F1)13,13,12
12 IF({.00005#ABS{X+X5V) — ABS(X-XSVv})) 13,13,15

13 0 = J+l
IF{J-130)10+1U,14

14 WRITE(S5,17) X,XSV,F

15 FMM = X

16 RETURN

17 FORMAT(1IH ,6H FM3 =E12.5,5X,8H FM35V =F12,59y5Xy4H F =£12.5)
END

$IBFTC ENTRD
FUNCTION ENTROP(T,F, ETABR)

PHIA = POLY(T,2)
SF = F#*ETABR/(1l.+F)
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St

—o=sweE

PSI = POLYI(T,5)
PHIM = PHIA + SF*PSI
ENTROP = PHIM

7 RETURN
END

$IBFTC ENTHA
FUNCTION ENTHAL(T,ETABR,F)

c
C
HA = POLY(T,1)
PSIH = POLY(T,4)
4 SF = F#ETABR/(1l.+F)
HF = SF#*PSIH
HM = HA+dF
ENTHAL = HM
6 RETURN
END

$IBFTC FULAR

c

FUNCTION FULAIR(T1,T2,F1,ETARR)
c

KCT = 2

F2T = .02

3 KCT= KCT+1
F3 = F1 + F2T7
H2 ENTHAL(T2,F3,ETABR)
H1 ENTHAL{T1,F3,ETABR)
F2 (1. +F1)*(H2 —-H1)/(18630.#ETABR +H1-H2)
IF(ABS(F2 - F2T) -1.0E-6) 9,9,7
F2T = F2
IF(KCT -100) 3,3,11
WRITE(5412) F24F2TyH1,H2
FORMAT({1H ,36H IN SUB. FULAIR,
1 4HF2 =E12.595X,4HF2T=E12.5,5Xy4HHL

9 FULAIR = F2
10 RETURN
END

N0~

F2 CAN NOT BE FOUND/1H
=E£12.595X+4HH2 =E12.5)

-

$IBFTC ADIAB
SUBROUTINE ADIABT(TL.PlsFETATSF.T2,P2,DH,ETABR)
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S1 = ENTROP(T1,F,ETABR)

R = 35ASCON(F)

S2 = S1 + (R/778.1611*ALOG(P2/P1)}
T2J = TFROMS(52.F.ETAHRR)

H1 = ENTHAL(T1,F,ETABR)

H2J = ENTHAL(T2J,F,ETABR)

IF(P2-P1) 4,5,3
DH = (H2J-HL1)/ETAT

GO 10 %6

DH =0.0

GO TO 6

DH = ETAT#(HZ2J-H1)

H2 = H1+DH

T2 = TFROMH(HZ,F,FTARR)
RETURN

END

$IBFTC IDENT

SUBROJUTINE IDENT

COMMON/ XCPIDX/NELOND, TRUNG,CPID(B)
DATA RJUNMES,BLKMES/6HRUN NGO, 6HBELK NO/
CALL PLOT(N4+40.4—-3)

FBLONDO=NBLONO

CALL SYMBOL(04D91a0ye25CPID(1)990.,24)
CALL SYMBOL{0.591409.2yRUNMES,90.,6)
CALL SYMBOL{.592+54+2,IRUND490.,6)
CALL SYMBOL(e5y%4a9e23BLKMESs30446)
CALI. NUMBER(<57649.2yFRLEND+90.5—1)
CALL PLOT(54,0.,9-3)

RETURN

END

$IBFTC GAMMAF

10

FUNCTION GAMMA(T,F,ETABR)

ce = SPHTCP(T,F,ETABR)

GAMMA = CP/(CP-GASCON(F)/T778.16)
RETURN

END

$IBFTC SPHTC

C

108

FUNCTION SPHTCP(T,F, ETABR)




S

10

CPA = POLYI(T+3)

SF F*ETABR/(1l.+F)}
PSICP = POLY(T,0)

cPM = CPA + SF=pPSICP
SPHTCP = CPM

RETURN

END

$IBFTC GASCN

15

$IBFT

70

75

74

71

16

T2

77
80

=

FUNCTION GASCON(F)

R = {53.349 + 55.088*F)/(1.+F)
GASCON = R

RETURN

END

C VvISCOoS

FUNCTION VISC(T)
DIMENSION A{(SQ),v{50)

DATA  (V{J),J=1450)/73.8,136.0518542¢227e¢2+264.7+299.2+331.3,
A361.645389.8,41741,443.55,469.55495.1,519.7,543.6,567.0,589.8,612.1,
B633.9+1555439676430693T409717a3973Te39T57405,T7T76e54,795.69814.59833.2,
C851.69869.8,887487,905.67923.21340e69357499974.9,991.8,1008.6,
D102%5+425y1041.6,1058.0,107441,41090.2+1106.151121.941137.5,1153.1,

£1168.5,1183.8/

TKELVN= T#*5./9,

A{l)= 100.

DO 70 N=2,50

A(N)= A(N-1)+190.

CONTINUE

IF (TKELVN.LE.A(1)) GO TG 71
IF (TCELVN.GE.A(50)) GO TO 72
K= =2

IF (TKELVN.LT.A(K)) GO TG 74
K= K+l

G0 TO 75

TOP= A{K)-TKELVN

DELTT= TOP/100.

DV= V(K)=VI(K-1)

DIFF= DELTT+»DV

VISM= VIK)-DIFF
VISC=VISM/14882000.

GO 10 80

VISC=v{1)/14882090.
WRITE(6.76)

FORMAT(32H TKELVN IS LESS THAN 100 DEGREES)
GO 70 80

VISC=v(50)/14882000.
WRITE(5,77)

FORMAT(36H TKELVN IS GREATER THAN 5000 DEGREES)
RETURN

END
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$IBFTC COMP
LISTING UF ALTER DECK.

#*ALTER 143,144
#=ENDAL

SUBROUTINE COMP(IOUT s IWGHT ,FMS, ALPHS5,DTT,FMR5,TBHsW1sFN,VL)

c
COMMQON/DAT1/ ADAS.OMEGAS,
DTLOSS, ETABR,ETAF,ETAN,ETAT,FKV,
FM11,FM2,FM2H,FM35, FNBy FNS+FPRyH2P ¢ HHV P11,
Pl413, PAMB ,PDPS,PP2B4R4yRHRT,RING, TAMB,

T1.T4,UFT, W1OBR,WFWAL,WLBAR,LCT,
CM,FKSBy FKSN,XITALS,CCM, AEXP,
THARC,COQ0S+ AR+ F 14
COMMON/DAT2/ITURB, IETAT, [WRITE,PIE,FK,TRM, XIALS,
1 FLLC,W1S2,P20P1+sW1SL,FN3

N PN

LIFT FAN DESIGN POINT PROGRAM JULY 1968 HALLER-AUER

IF IETAT = 1, DO NOT INTERATE ON ETAT
IF IETAT Oy INTERATE ON ETAT

IF TTURB =1, USE SINGLE STAGE TURB1 ROUTINE WITH OGV
IF ITURB = 2, USE
SINGLE STAGE TRUBINE ROUTINE - STATORLESS
IF ITURB = 3, USE TWO STAGE TRUBINE WITH 0OGV
IF ITURB = 3, THE ADODITIONAL INPUT FK IS NEEDED

IF IWIRTE = 2, THEN COMPUTE WITH THREE VALUES OF Wl
THE THIRD VALUE QF W1 (W1S3) IS COMPUTED. THE FIRST AND
SECOND VALULS ARE READ IN
THE THIRD VALUE OF FN (FN3) IS READ IN. THE FIRST AND
SECOND VALUES ARE COMPUTED.
IF IOUT = 0, DO NOT WRITE OUTPUT
IF I0UT = 1, WRITE ODUTPUT

pislsNelsNelasNasNaEsEeNeNeNeleNeRaloNoNalaoRalaNeNa¥e)

IF(IOUT) 81,81,73
73 WRITE(6,106) FMS,P20P1,W1,FN3
81 PIE4= 4./PIE

G = 32.16

GAM = 1.4

XIBET1=AEXP

TO CONVERT ALPH7 TO RADIANS

OO0

GAMC1 = GAM-1. .
PDPS = 1. - o1%{1l. - 1./ADAS/ADAS)*#(l. — 1./{1. + 0.5+

1 GAMCL*FMS*FMS) = »(GAM/GAMC]) )
GAMC2 = GAMC1/GAM
GAMC3 = 2./GAMC1
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W2 = Wl

T3 = T4

T10 = TAMB

Tl = T10

P2 = Pl=p20P1

T2 = Tl = DTLOSS
R2 = GASCON(WFWALl)

CP2 = SPHTCPI(T2.,WFWAL1.ETABR)
GAM2 = CP2/(CP2-R2/778.16)

GAM2C1 = GAMZ2 + 1.
GAM2C2 = GAMZ -l.
GAM2C3 = 0.5%GAM2C1l/GAM2C2
GAM2C4 = 0.5%GAM2C2
FF2Cl = FM2#SQRT{GAM2x(G)
FF2 = FF2C1/{1. +.5#GAM2C2*FM2%#FM2)==xGAM2C3
A2 = W2xSQRT(T2#R2)V/P2/FF2
c DEBUG P2,T2,R2,CP2.GAM2C3+FF2C1l+FF2,A2
A2B1 = {1.+GAM2C4*FM2B#FM2B)/(1.0+GAM2C4*FM2&FM2)
A2B = A2#FM2/FM2B%A2B1%*=#GAM2C3/FNB

D2B = SQRT(PIE4*AZ2B)
WFWA3 = FULAIRI(T2,73.,WFWA1,ETABR)
WFWA3P = WFwAl + WFWA3

W3 = W2x(l.+WFWA3)
W4 = W3
R3 = GASCON(WFWA3P)

CP3 = SPHTCPI(T3,WFWA3P,ETABR)
GAM3 = CP3/(CP3-R3/778.106)
GAM3Cl = GAM3+l1.

GAM3C2 GAM3-1.

GAM3C3 0.5#GAM3C1l/GAM3C2
P3P2B = 1.0 — PP28B

P3 = P2xP3P2B

C
FF3 = W3=SQRT(T3=R3)/P3/A28
c
FM3= FMM(FF3,GAM3,G)
c
A351 = (l. + 0.5%*GAM3C2#FM3S=FM3S)/(1.+GAM3C2*FM3%FM3)
A3S = A2B #FM3/FM3SxA3S1%xGAM3C3/FNS
D3S = SQRT(PIE4®A3S)
c
Q3S = P3#(le—Lle/(le+(GAM3—1,)%FM3S#FM3S/GAM3) == (GAM/(GAM-1.)))
P4 = P3 - OMEGAS=Q3S
c
GAMS = 1.35
GAMS1 = GAMS +1.
GAMS2 = GAMS-1.
GAMS3 = 0.5*#GAMS1/GAMS2
GAMS4 = GAMS/GAMS1
GAMSS = GAMS2/GAMS
GAMS6 = GAMS/GAMS?2
FFS1 = 1. +0.5#GAMS2 =#FMS»FMS
FFS = FMS#SQRT(GAMS*G)/FFS1#%xGAMS3
PSD = PAMB
FFD = FFS/PDPS/ADAS
C

FMD= FMM{FFD+,GAMS,G)
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23 PD = PAMB*(l. + 0.5%GAMS2 @ FMDxFMD)#**GAMS6
PS = PDxPDPS
c
c BEGIN ETAT CALCULATION
c
KETA =0
43 CALL ADIABT(T4,P4,ETAT,WFWA3P,TS,PS,DHACT, ETABR)
DHACT = ABS(DHACT)
RS = GASCON(WFWA3P)
c
GAMS = GAMMA(TS,WFWA3P,ETABR)
GAMS1 = GAMS +1,
GAMS2 = GAMS-1.
GAMS3 = 0.5%GAMS1/GAM52
GAMS4 = GAMS/GAMSI
GAMSS = GAMS2/GAMS
GAMS6 = GAMS/GAMS2
FFS1 = 1. +0.5%GAMS2 *FMS*FMS
FFS = FMS%SQRT(GAMS®G)/FFS1*x#GAMS3
PSD = PAMB
FFD = FFS/PDPS/ADAS
c
FMD = FMM(FED,GAMS,G)
c
33 PD' = PAMBA(1l. + U.5%GAMS2 @ FMD*FMD)*%GAMS6
PS = PD*PDPS
PSS = PS/FFS1%=GAMS6
CALL ADIABT(T4,P4,ETAT,NFWA3P,TS,PS,DHACT,ETABR)
DHACT = ABS(DHACT)
c
c
c
c BEGIN ZLEAK INTERATION
C

30 WT = W&=DHACT
PLL = 1a + U.5%#GAMS2%FMD2FMD
PL = PDx{1l., - WLBAR®({ 1. = 1./PL1%#*GAMS6))
FML = SQRTI(Z2../5AMS2% ((PL/PAME)=%GAMS5-1.))
TL = TS
TSL = TL/(le + o5#GAMS2#ML=FML)
VL = FUL*SQRT(GAMS*G*RS*TSL)
FNT =(Wa4x(1l.~ZLEAK)*VL/G)*CT

TO = TS

AS = Wax(1l.-ZLEAK)*SQRT(TS#RS)/PS/FFS

AD = A4#{1.-ZLEAK)=SQRT(TD*RS)/PD/FFD

P10 = PAMB

P110 = 1.-WIOBR®{1l., —-1l./{1l. + .2%FM11®FM11)2%3,5)
P11 P1L10 e P10

P13 = FPR=P]1]

CALL ADIABT(T11,P11,ETAF,0.,T13,P13,DHFACT,0.)
WF = WT

DHFACT = ABS(DHFACT)

W10 = WF/DHFACT

PS11 = P11/(1l. +0.2%FML1%FM11)%%3,5
TS11 = Tl1l/(1le. + L2%FML1#FM]11)
V1l 49,1#SQRT(TS11)*FM11

Pl4 = P1413#P13
FM14 = SQRT(GAMC3%(P14/PAMB) **GAMC2 — GAMC3)
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P1514 = 1. -WLBAR®{l., —1./(1. +.2%#FM14%FM14)%%3,5)

PS14 = PAMB

PS15 = PAMB

P15515 = P1514+*pP14/PSl4a

FM15 = SQRT(GAMC3#(P15S15)##GAMC2 ~GAMC3)
FM13 = FM11l + FKV*{FM15-FM11)

PS13C = 1le +.2%FM132FM13

PS13 = P13/PS13C#%3,5

TS13 = T13/PS13C

V13 = 49,1#FML13#SQRT{TS13})
Tl4 = T13

T15 = T13

TS14 = Tl4/{le+,22FM14%FM14)
V14 = 49.1#FML4%SGERT(TS14)
TS15 = T15/(le+.2%FM15%FM15)

V15 = 69,1*FM15*SQRT(TS15)
FNF ={Wl0 *V15/G)=CT
FN = FNT+FNF
o
C FAN AREAS
o
All = A10#*R#*TS11/PS11/V11
Al3 = W10#R*TS13/PS13/Vi3
Al4 = WIO#R*#TS14/PS14/V14
Al5 = W10*R#TS15/PS15/V15
DFT = 1.1283%*SQRT(A21/(1ls — RHRT*RHRT))
DFR = DFT #RHRT
DTR = DFT + RING + RING
XIBET2=DTR
o
c NEW CARDS ADDED 3-7-69
C
127 IF{(XETA-1) 120,121,121}
120 AS55 = AS
GO TO 124
121 IF{ITURB -2} 122,122,123
122 AS55 = AZS
GO TO 124
123 AS55 = AS
124 IF(THARC - (360. - .0Ll)} 1264129,129
o
c TO COMPUTE DTT FOR PARTIAL ADMISSION
c
126 DTT = SQRT(360.*PIF4*AS55/THARC + DTR*DTR)
GO TO 128
o
c
129 DTT =1.1284*SQRT(DTR*DTR/PLE4 +ASS55)
128 TRR = DTR/DYT
c
TBH = D.5# (DYT ~DTR)
DT = «5#(DTR + DTT)
U = UFT«DT/DFT
ETATSV = ETAT
IF(IETAT) 133,133,40
133 GO 7O (41,132,52,998),ITURB
c
132 CALL TURB2 (T4 WhyP4,PSS, DFT,.DT, FMS,ETAN,
2 F3,FM11,P11,PAMS,
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= WN = OO~ Wms W

52

BN NPLPWNF ORI D WN -~

41

W OO0V D WN

TS59V5,FM5,ALPH5,VZI5,VU5,P5,U,BETAS,

R54 FMR5,R6+ETAB» TS69VZ64FMZ6,FMR6,BETAG,

RJ6 sOMEGA, ALPH6,P64PS,T6 4 FMSCAL, NLEAK,
PHI,PS10+SPR,ZLEAK,ETATL], ETAT,
FLAM,FNUBRyETABR,

CM, FKSB, FKSNy XIALS,
AZ5,FM6,FMZ5,PSFANSRE,RUS, TS, TSS,VD,VU6eXIM,
XINsXIPs XIS, ZETAB,ZETAM,ZETAP,
ZETAS,TSP,DHTTI, CP6yDH,AEXP,DTR,

T8H, THARC,COOS,AR,F14)

GO TO 53

CALL TURB3

WFWA3P,

(T4 4W4,P4,PSS, DFT, FMS,ETAN,

FM11l,P11, PAMB,FKSySWIDyFNSML,

ALPHS5, ALPH6,ALPHT,ALPHB8,AZS5,AZ7,AZ8+AZS,
BETAS,BETA6.,BETAT,BETAB8,CP6,CP8,DELBT1,
DELBT2,DHN1sDHN2+DLHB1,DLHB2,DT,ETABL,
ETAB2,EFTANL,ETAN2,ETAT,ETATL1,
FKM,FKM1,FKM2,FM5,FMb6,FMT,FM38,FMRS5,
FMR6sFMRT74FMRB+FML5,FMZ5S5V.FMZ6,FM2T7,
FMZ7SV,FMZ8B,GAM5,GAMb6,GAM8B,P5,P6,
P74P8,PHIPS,PS5¢PS64PS7+PS8yPS10+sR5+R64R7y
R8 y RHO5,RHO64RHOT,RHOB4,RUSyRUG4RUT,

RUB ¢ SHPs SPR,

T6,T78,TS,TSS, TSP, TS5,TS6,TS7,TS8,U,
V5.VT75VS, VUS VUG, VUT,VUB.VZ8,VIS5
VZ64VZTsVZSsWINEAL sWLEAK, XIBET1,
XIBET2,ZLEAK,

OMEGA,CM,FKSB, FKSNyXTALS,TRM, X[ AL6,CCM,FLLC)

GO 710 53

CALL TURBL (T4 4 WhyP4,PSS, DFT,DT, FMS,ETAN,

WFNA3P,FM11,P11,PAMB,

TS54V5,FM5,ALPH5,VZ5,VU5,P5,U,BETAS,

R34 FMRS,R6,ETAB,TS6,VZI6,FMZ6,FMR6,BETAG,

RJ6 +OMEGAS ALPHG6,P6,PSCHK,,T6,FMSCAL y WLEAK,
PHI,PS11,SPR,ZLEAK.ETATL], ETAT,
FLAM,FNUBR,ETABR,

CM, FKSR,FKSN,XIALS,CCHM,

AZ5 4FM64 FMZ5,PSFANREsRUS TS TSS VO VU6 XM,
XINy XIPoXISyZETAAS,ZETAB,ZETAM,ZETAP,ZETASS,
ZETAS,TS5P,DHTTI, CP6yDH,,AEXP,DTR,

TBH, THARC,CO0S+AR,F14)

GO TO 53

998 CALL TURB&4
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VO ~NOW» PN

T4y WayP44PSS, DFT,DT, . FMS.ETAN,
F3,FM11,P11,PAMB,
TS5,V5,FM5,ALPH5,VZ5,VU54P5,U,BETAS,

R5 4+ FMR54R6+ETABy TSSO VL6,FMIO,FMRH,BETAG,
RU6 yOMEGA, ALPH6+P69PS» T69 FMSCAL » WLEAK,
PHI+PS10+SPRyZLEAK,ETATLL, ETAT,
FLAM,FNUBR,ETABR,

CM,FKSByFKSNs XTALSsCCM,



AZS yFM6sFMZS5,PSFANSREJRUS s TS+ TSSs VO VUL XIM,
XINyXIPyXISyZETAAS,ZETAB,ZETAM,ZETAP,ZETASS,
LETAS,TSP,DHTTI, CP63sDHsAEXP+DTR,
T8H, THARC,CCOS AR, Fl4)
53 IF(ABS(ETAT-ETATSV) -.001) 40,40,42
42 KETA = KETA +1
IF(KETA —100)43,43,44
44 WRITE(6H64+45) ETATLETATSYV
45 FORMATI(1H +52H IN MAIN PROGRAM, ETAT CAN NOT BE FOUND AT STATE.
1 /1R 4 TH ETAT =El2.5,5X, THETASV =E12.5)
40 WFSTR = 14.696%W11%SQRT(T11/518.7)/P11
IF(IETAT) 61,61,63
61 GO TD (63+63¢64+63), ITURB
63 IF(IOUT) 75,75,74
74 WRITE(Sv¢67) All+A13+,A14,A15,A2,A2B4A3S5,AD,AS, D2B,D3Sy
DFRyDFTyDTRyDTyDTT,ETATSV,FM13,FM14,FM15,
FM3 4, FMDy FMLy FNo FNF.FNT4P11,P13,P14,P2,P3,
P4,PL,PD,yPSyPSS,PS11,PS13, T14,72,TBH,
TRR.TSL
WRITE(5,68) TSP,TS11,TS13,TS14,TS15,U,V1i1l,V1I3,V14,V1S,
1 VLyW3, WFEWA3 s WFWA3P,WT, W10
V6=SQRT(VUOL%%2+VZH6%%2)
WRITE(6469) ALPHS5,ALPH6,AZS5,BETAS5,BETAGL,ETAB.ETANLETAT,
ETATLL, FLAM,FMS,FM6,FMRS5,FMR6,
FMSCAL ,FMZ5, FMZ6FNUBR, P59P64PHI
PS11,V6 s PSFAN,RS,R64yREZRUS,RUE3SPR, TS,
TSOe TSy TSSeVH VO, VUG VUO$ VIS ¢y VIO6sWLEAK s XIM,XIN
WRITE(5,70) XIP+XIS.ZETAB,ZETAM, ZETAPLZETAS,
1 ZLEAK TSP ,DHTITI»TS5,CP6,4,DH
75 G0 TO {(47,47+465947), I TURB
47 IF(IQJT) 65,65,89
89 WRITE(6,48) OMEGA,ZETAASLZETASS
GO TO 65
64 IF(IDUT) 65,65,76
76 WRITE(5,67) All+Al13,A144A15,A2,A28,A35,AD,AS,D02B,D3S,
10FR+DFT4DTRsDT+DTTHETATSVsFM13,FM14, FM15,
2FM3 4FMD,FML,FN,FNF,FNT,P11,P13,P1l4,P2,P3,
3P4 yPLyPDyPSyPSSaPS1L4PS13,T14,T2,TBH,TRR,TS1

W N

HWN =

SN

GAMT7=FK
WRITE(5,68) TSP4TS11,7513,7T514+TS515,U,V11,V13,V14,V15,
LVL W3y WFWA3 W WFHWABPyWT o W10

V6=SQRAT(VUL=#24VZI6%a2)
VB8=SQRT(VUB*%#2+V78xx%2)

DEBUG T4 sW4»ALPHS,ALPH6 ,ALPHB,AZ5,AZT+AZBsAZS+BETAS,
1BETA6,BETA7,BETA8,CP6,CP8

DEBUG DHNl, DHN2, ETABR1,ETAB2, ETAN1l,ETAN2,ETAT,ETATLI,
1FM5,FM5,FM7,FM8,FMRS , FMR 6, FMRT7yFMRB,FMZ5,FMZ6,FMZT

DEBUG FMZB8.,GAM5+GAM6,GAMB4P5,P6,P7,P8,PHI,PS55,P56,
1PS7,PS8,PS10,R55R64R7,R8,RHO5,RHO6yRHO7»RHO84RUS,
2RU64+RJUT4RUB 4 SHP + SPR

DEBUG T6sTByTSyTSS TSP, TS5,TS65TSTsTS8sV53V6,VT,VE,VSy
LVUS , VU6, VUT,VUB,VZIBVI5,VZ6,VITH\WIDEAL,WLEAK,
2ZLEAK, OMEGA,GAMT,ALPH7

65 WF3P = WFWA3P#W2

41
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SFC = WF3P/FN
BPR = W10/W4
c .
CALL ADIABT(T1l+Plyle0¢F1l,TS1,PAMB,DHENG,ETABR)
DHE%G = ABS(DHENG)
VENG = SQRT(Z.%Gx778.16%0DHENG)
C THE CT WHICH MULTIPLIED FNENG WAS REMOVED 3-7-69
o
FNENG = WL*VENG /G
AUG = FN/ENENG
o
IFLI0JT) 77,77,78
78 WRITE(6,71) WFSTR,WF3P,SFCsBPR,AUG
c
o
77 IFCIWRITE) 94,94,80
80 IF(IWRITE - 1) 84,84,83
83 Wl= W1S2
FN1 = FM
IF(IDUT) 79,79,86
86 WRITE(6,66)
WRITE(5,82) W1S2
79 IWRITE = 1
GO TO 81
84 FN2 = FN
WIS3 = WISl + (W1S2 — WIS1)={FN3 = FNL)/(FN2 - FNL)
WL = W1S3
IWRITE = O
IF(IOUT) 81,81.87
87 WRITE(6,66)
WRITE(5,85) W1S3
GO T0 81
C
c
94 IF(IDJT) 95,95,88
88 CONTINUE
C
C
67 FORMAT(1HO,7H All =E12.545X,7H Al3 =E12.5,5X,7H Al4 =E12.5,
1 5XeTH Al5 =E12.5:5X,TH A2 =E12.5/
2 IH 47H A2B =E12.5,5X,7H A3S =E12.5,5X,7H AD =E12.5,
3 5X,7H AS =E12.5 /
4 1H ,7H D2B =E12.5,5X,TH D35 =E12.5,5X,7H DFR =E12.5,
5 5Xs7H OFT =E12.5,5X,7H DTR =E12.5/
6 IH 47H DT =E12.545X,7H DTT =E12.5.5X+THETATSV=E12.5,
7 5X,7H FM13 =E12.545X,7TH FM14 =£12.5/
8 1H ,7H FML5 =E12.5,5X,7TH FM3 =E12.5,5X,7H FMD =E12.5,
9 5Xs7H FML =E12.5,5X,7H FN =E12.5/
1 IH s 7H FNF =E12.5,5X,7H FNT =E12.5,5X.7H P11 =E12.5,
2 5Xy7H P13 =E12.5,5X,7H P14 =E12.5/
3 IH +7H P2 =E12.545X,7H P3 =£12.5,5X,7H P4 =E12.5,
4 S5Xe7H  PL =E12.545X,7H PD =E12.5/
5 IH +7H  PS =E12.5:5X+7H PSS =E12.5,5X,7H PS11l =E12.5,
6 5Xs7H PS13 =E12.5 /
7 IH y7H T1l4 =E12.545X,7H T2 =€12.5.5X,7H TRH =E12.5,
8 SXsTH TRR =£12.55X,7H TSL =E12.5)

68 FORMAT(1H s7H TSP =E12.5¢5Xs7H TS11 =E12.5+5Xs7H TS13 =El2.5,
5Xy7H TS14 =E12.5¢5X,7H TS15 =E12.5/
1H ,7H U =E12.595Xy7H V11 =E12.5¢5X,7H V13 =E12.5,

N
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.

e

5X
1H

owndw

TH
69 FORMAT{1HO

s TH V14 =E12.5,5X:7H V15 =E12.5/
+ TH VL =E12.5¢5X+7H W3 =E12.5,
5Xy THAFWA3 =FE12.5,5Xy THWFWA3P=E12.5,5X,
WT =E12.5/1H o, TH W10 =E12.5)
2y THALPHS =£12.595Xy THALPH6 =E12.5,5Xs7H

AZS5 =El2.5,

1 5X, THBETAS =E12.5,5X, THBETA6 =E12.5/
2 1H ,7H ETAB =E12.595Xs7H ETAN =E12.5,5Xy7H ETAT =E12.5,
3 S5Xe THETATL1I=E12.5/
4 1H ,7H FLAM =E12.5,5XsTH FMS5 =E12.5+,5X+7TH FM6 =E12.5,
5 5Xy7H FMR5 =E12.595Xy7H FMR6 =E12.5/
6 1H ,7THFMSCAL=E12.595XsTH FMI5 =E12.5,5X,7H FMZ6 =El2.5,
7 5Xs THFNUBR =£12.5 /
8 IH ,7H P5 =E1245¢5X,7TH P6 =E12.5s5Xs7TH PHI =E12.5,
9 5XyTH PS1L =EL12.595X+TH Ve =El12.5/
1 1H , 7THPSFAN =E12.595Xy7TH R5 =E12.5,5X,7H R6 =El2e5,
2 5XyTH RE =£12.5:5X,7H{ RUS =El2.5/
3 1H +7H RU6 =E12.5¢5Xs7TH SPR =E12.5,5X.7H Té6 =E1l2.5,
4 5Xy7H TS5S6 =E12.545X,7H TS =E12.5/
5 IH ,7H  TSS =E€12.5%545X,7H V5 =E12.5¢5Xy7TH VO =E12.5,
6 5Xe¢7H VU5 =E12.5¢5Xs7H VUL =E12.5/
7 IH s /H VIS5 =E12.5%:5X+sTH VZ6 =ELl2.5+5X,7HWLEAK =E12.5,
8 5Xy7H XIM =E12.5¢5X,7TH XIN =E12.5)

70 FORMAT({1H ,7H XIP =E12.5,5X+7H XIS =t£12.5,5X,7HZETAS =E12.5,
1 5X, THZETAM =E12.5 /
2 IH s 7TH.ZETAP =E12.5+5X,+THZETAS =E12.5,
3 5Xy THZLEAK =E12.5,
4 5X,TH TSP =E12.5/
5 1H 2 7THOHTTI =E12.545Xy7H TS5 =E12.5,45X,
6 7H CP6 =E12.545X,7H DH =E12.5)

71 FORMAT(1H ,7THWFSTR =E12.5y5Xs7H WF3P =E12.5,5X,7H SFC =E12.5,
1 5X¢TH BPR =E12.5:5Xy»7H AUG =E12.5)}

66 FORMAT (1HK)

82 FORMAT(1IHO,9H Wl (2) =E12.5)

85 FORMAT({1HO,9H Wl (3) =El2.5)

106 FORMAT(IHl, TH FMS =E12.5,5X,THP20P1 =E12.5,5X,TH Wl =E12.5,
1 5X,7H FN3 =E12.5)

48 FORMAT(1H ,THUMEGA =£12.594X+8HZETAAS =E12.5+4XsBHZETASS =E12.5)

95 RETURN

END
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FORTRAN
symbol

AR
AEXP
CCM
CM
CT
COO0Ss
F14
HV
H2P
OMEGAS
FKSB
FKSN

118

Engineering
symbol

AR
b

T

APPENDIX 1

PROGRAM NOMENCLATURE

Program Inputs

Definition

turbine blade aspect ratio

exponent in seal leakage equation

turbine rotor axial velocity multiplier

turbine blade Mach number correction coefficient

thrust coefficient (turbine and fan)
turbine blade solidity
partial-admission loss coefficient
lower heating value of fuel, Btu/lbm
liquid fuel inlet enthalpy, Btu/lbm
scroll-loss coefficient

rotor blade secondary-loss coefficient
stator secondary-loss coefficient

fan internal loss factor

turbine exit duct length to height ratio
two-stage turbine work split factor
inlet duct exit Mach number

burner inlet flow Mach number

scroll inlet flow Mach number
turbine exit stator exit Mach number
fan inlet axial Mach number

number of scroll arms per inlet duct
number of burners

inlet duct inlet total pressure, psia




=~ ad

FORTRAN
symbol

P20P1
PAMB
FPR
P1413
PP2B
R
RHRT
RING
TAMB
TRM
T1

T4

DT LOSS
UFT
w1

WFWA1

ZIL
ETABR
ETAF
ETAN
ETAT
W10BR
WLBAR
THARC
XIALS

Engineering
symbol

Py/Py
Po
Pis/Piy
Pj4/Pi3
Ap'/p}
R
Y

F

Arc

Ty
TRM
Ty

4
ATy

Up t

Definition

inlet duct pressure ratio

ambient pressure, psia

fan-stage pressure ratio

fan outlet duct pressure ratio

burner pressure drop fraction

air gas constant, 53.35 ft-1bf/(Iom)(’R)

fan hub-tip ratio at rotor inlet

fan-shroud carrier height, in.

ambient temperature, °r

two-stage turbine mean line radius change factor

o

inlet duct inlet total temperature, "R

turbine inlet total temperature, °R

°r

inlet duct temperature loss,
fan tip speed, ft/sec

inlet duct weight flow, lbm/sec

fuel-to-air ratio at inlet duct

interstage leakage ratio

burner efficiency

fan-stage adiabatic efficiency

initial value of inlet stator efficiency

initial value of turbine total-to-total efficiency
fan inlet loss coefficient

louver loss coefficient

turbine admission arc, deg

inlet or interstage stator profile loss
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FORTRAN
symbol

All
Al3
Al4
Al5
A2
A2B
A3S
AD
AS
D2B
D3S
DFR
DFT
DTR

P11

120

Program Outputs - Main Program

Engineering Definition
symbol
A11 fan flow area at rotor inlet, in. 2
A13 fan flow area at stator exit, in. 2
A1 4 fan flow area at duct exit, in. 2
A15 fan flow area at louver exit, in. 2
A, turbine flow area at inlet duct exit, in. 2
AZb turbine flow area at burner inlet, in. 2
A3SC turbine flow area at scroll inlet, in. 2
AD turbine flow area at exit duct, in. 2
Ag turbine flow area at exit stator exit, in. 2
de burner diameter, in.
d3S c scroll inlet diameter, in.
dF, h fan rotor diameter at hub, in.
dF, t fan rotor diameter at tip, in.
dT, h rotor diameter at turbine hub, in.
dT, m rotor diameter at midturbine, in.
dT, t rotor diameter at turbine tip, in.
F calculated total thrust, lbf
FF calculated fan thrust, Ibf
FT calculated turbine thrust, 1bf
M 13 Mach number at fan stator exit
M,y Mach number at fan duct exit
M15 Mach number at fan louver exit
M3 Mach number at burner exit
MD Mach number at turbine duct exit
ML Mach number at turbine louver exit
p'11 total pressure at fan rotor inlet, psi



I

FORTRAN
symbol

P13
P14
P2
P3
P4
PL
PD
PS
PSS
Ps11
Ps13
T2
T14
TBH
TRR
TSL
TS11
TS813
TS14
TS15

Vi1
V13
Vi4
V15
VL
w3

Engineering
symbol

Pi3
Pi4
P)
P3
Py
PL
Ph
PS
Ps
P11
P13
T
14

Definition

total pressure at fan stator exit, psi

total pressure at fan duct exit, psi

total pressure at inlet duct exit, psi

total pressure at burner exit, psi

total pressure at turbine inlet, psi

total pressure at turbine louver exit, psi
total pressure at turbine duct exit, psi

total pressure at turbine exit stator exit, psi
static pressure at turbine exit stator exit, psi
static pressure at fan rotor inlet, psi

static pressure at fan stator exit, psi

°r

total temperature at inlet duct exit,
total temperature at fan duct exit, o°r
turbine blade height, in.,

turbine hub-tip ratio

static temperature at turbine louver exit, °r
static temperature at fan rotor inlet, °R
static temperature at fan stator exit, °r
static temperature at fan duct exit, °rR

static temperature at fan louver exit, °r
turbine midwheel speed, ft/sec

axial velocity at fan rotor inlet, ft/sec

axial velocity at fan stator exit, ft/sec

axial velocity at fan duct exit, ft/sec

axial velocity at fan louver exit, ft/sec

axial velocity at turbine louver exit, ft/sec

mass flow at burner exit, lbm/sec
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FORTRAN Engineering Definition

symbol symbol
WFWA3 £ fuel-to-air ratio added in burner
alp
WFWA3P £ total fuel-to-air ratio at burner exit
alg
WT Pr turbine power output, Btu/sec
w10 Y10 fan air flow rate, lbm/sec

Program Output - Turbine Subroutine

AUG AUG thrust augmentation ratio

AZ5 A5 rotor inlet annular flow area, in. 2

BPR BPR bypass ratio

CP6 Cp’ 6 specific heat at rotor exit, Btu/(Ib) (OR)

SD D exit stator diffusion factor

DH Al inlet stator actual enthalpy drop, Btu/lbm
DHTTI1 AhT, id isentropic total-to-total enthalpy drop, Btu/Ibm
FM5 Mg absolute rotor inlet Mach number

FM6 M6 absolute rotor exit Mach number

FMR5 Mr, 5 relative rotor inlet Mach number

FMR6 Mr, 6 relative rotor exit Mach number

FMSCAL Mg (calculated) stator exit Mach number (calculated)

FMZ5 Mx, 5 axial rotor inlet Mach number

FMZ6 Mx, 6 axial rotor exit Mach number

P5 p'5 total pressure at rotor inlet, psi

P6 pé total pressure at rotor exit, psi

PSi1 P11 static pressure at fan rotor inlet, psi
PSFAN Pex static pressure at bellmouth (seal exit), psi
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FORTRAN
symbol

R5
R6
RE
RUS

SFC

SPR
T6
TS6
TS
TSP
TSS
TS5
V5
V6
VO
vUs

VU6

VZ5
VZ6
WFSTR
WF3P
WLEAK
ZLEAK

Engineering
symbol

¥leak

Definition

relative veiocity at rotor inlet, ft/sec
relative velocity at rotor exit, ft/sec
Reynolds number

tangential component of relative velocity at rotor
inlet, ft/sec

specific fuel consumption of tip-turbine fan,
Ib-fuel /hr
Ib-thrust

seal pressure ratio

absolute total temperature at rotor exit, °r

static temperature at rotor exit, °r

total temperature at exit stator exit, °R
isentropic total temperature at exit stator exit, "R
static temperature at exit stator exit, °r

static temperature at rotor inlet, °R

absolute velocity at rotor inlet, ft/sec

absolute velocity at rotor exit, ft/sec

ideal jet velocity, ft/sec

tangential component of the absolute velocity at
rotor inlet, ft/sec

tangential component of the absolute velocity at
rotor exit, ft/sec

axial component of velocity at rotor inlet, ft/sec
axial component of velocity at rotor exit, ft/sec
fan corrected mass flow rate, Ibm/sec

total fuel flow, lbm/sec

seal leakage flow rate, lbm/sec

ratio of inlet seal leakage to turbine flow rate
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FORTRAN
symbol

ALPH5
ALPH6
BETA5
BETAS6
ETAB
ETAN
ETAT
ETATL1
FLAM
FNUBR
OMEGA
PHI
ZETASS
XIS
ZETAB
ZETAM
ZETAP
ZETAS
XIM
XIN
XIP

AZ1
AZ8
AZS
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Engineering
symbol

Definition

rotor absolute inlet angle, rad
rotor absolute exit angle, rad
rotor relative inlet angle, rad
rotor relative exit angle, rad
turbine blade row efficiency
inlet stator blade row efficiency

turbine total-to-total efficiency

turbine total-to-total efficiency (with leakage)

speed-work parameter

blade-jet speed ratio

stator total pressure-loss coefficient
seal leakage expansion function
stator total-loss coefficient

inlet stator secondary-loss coefficient
rotor total-loss coefficient

rotor shock-loss coefficient

rotor profile-loss coefficient

rotor secondary-loss coefficient
inlet stator shock-loss coefficient
inlet stator total-loss coefficient

inlet stator profile-loss coefficient

Additional Output for Two-Stage Turbine

second-stage rotor inlet annular flow area, in. 2

second-stage rotor exit annular flow area, in.

exit stator exit annular flow area, in. 2

2




FORTRAN Engineering Definition

symbol symbol
CP8 Cp 8 specific heat at second-stage rotor exit,
’ Btu/(1bm)(°R)
DHN1 AhN 5 actual enthalpy drop across first-stage stator,
’ Btu/Ibm
DHN2 AhN 7 actual enthalpy drop across second-stage stator,
’ Btu/Ibm
FM17 M, absolute second-stage rotor inlet Mach number
FM8 Mg absolute second-stage rotor exit Mach number
FMR7 M r. 7 second-stage relative rotor inlet Mach number
FMRS Mr 8 second-stage relative rotor exit Mach number
b
FMZ1 Mx 7 second-stage rotor axial inlet Mach number
)
FMZ8 M, 8 second-stage rotor axial exit Mach number
b
P7 p,'7 total pressure at second rotor inlet, psi
P8 pé total pressure at second rotor exit, psi
PS5 P static pressure at first rotor inlet, psi
PS6 Pg static pressure at first rotor exit, psi
PST o static pressure at second rotor inlet, psi
PS8 Pg static pressure at second rotor exit, psi
R7 W,7 second-stage rotor inlet relative velocity, ft/sec
R8 W8 second-stage rotor exit relative velocity, ft/sec
RU7 W, second-stage rotor inlet tangential component of
’ relative velocity, ft/sec
RUS8 Wu 8 second-stage rotor exit tangential component of
relative velocity, ft/sec
T8 Té absolute total temperature at second rotor exit, OR
TS7 Ty static temperature at second rotor inlet, °R
TS8 Tg static temperature at second rotor exit, °R
V7 Vq absolute velocity at second rotor inlet, ft/sec
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FORTRAN
symbol

\'L:]
\E]
vuT

vus

vZi
VZ8
WIDEAL
SHP
ALPH7
ALPHS
BETAT
BETAS
ETABI
ETAB2
ETAN1
ETAN2
GAMS5
GAM6
GAMT7
GAMS
RHOS
RHO6
RHO7
RHO8
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Engineering
symbol

\L:
Vs

Vu, 7

Definition

absolute velocity at second rotor exit, ft/sec
stator exit veloeity, ft/sec

second-stage rotor inlet tangential component of
absolute velocity, ft/sec

second-stage rotor exit tangential component of
absolute velocity, ft/sec

second-stage rotor inlet axial velocity, ft/sec
second-stage rotor exit axial velocity, ft/sec
ideal stage power, Btu/sec

actual power output, Btu/sec

second-stage rotor absolute inlet angle, rad
second-stage rotor absolute exit angle, rad
second-stage rotor relative inlet angle, rad
second-stage rotor relative exit angie, rad
first-stage rotor blade row efficiency
second-stage rotor blade row efficiency
first-stage stator efficiency

second-stage stator efficiency

ratio of specific heats, first rotor inlet

ratio of specific heats, first rotor exit

ratio of specific heats, second rotor inlet
ratio of specific heats, second rotor exit
first-stage rotor inlet density, lom/t3
first-stage rotor exit density, lbm/ft3
second-stage rotor inlet density, lbm/f‘t3

second-stage rotor exit density, lbm/ft3
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